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APPROVED BY MEMBERS OF THE THESIS COMMITTEE: 
The Alvord Valley Known Geothermal Resources Area 
(KGRA), located east of the Steens Mountain-Pueblo Mountains 
fault block in southeastern Oregon, is within the northern 
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Basin and Range province. This investigation focuses on 
three thermal areas in the Alvord Basin: Borax Lake and the 
hot springs north of Borax Lake, Alvord Hot Springs and 
Mickey Springs. 
Mickey Springs and the springs north of Borax Lake are 
boiling at the surface (94 and 95° C, respectively). Inflow 
temperatures to Borax Lake, measured at a depth of 30 m, are 
greater than 100° C. Surface temperatures for Alvord Hot 
Springs and a flowing well northeast of Borax Lake are 78 
and 59° C, respectively. 
Thermal fluids issue from Quaternary lacustrine and 
alluvial deposits. While silica sinter deposits are present 
at all three thermal areas, sinter is not presently being 
deposited. Minor calcite is being deposited at the springs 
north of Borax Lake. The springs discharge from N to NE-
striking, high- angle, basin-bounding faults along the base 
of Steens Mountain and Mickey Mountain and NE-striking 
intrabasinal faults south of Alvord Lake. 
The thermal waters are dilute sodium-bicarbonate waters 
with significant amounts of sulfate and chloride. 
Conservative element plots (B, F, and Li vs. Cl) indicate 
good correlation between Cl and the other conservative 
elements. These correlations could result from mixing of 
thermal water with a dilute cold water or fluid evolution 
due to increased fluid-rock interaction, evaporation, and 
steam loss due to boiling. The small variations in chl oride 
concentrations of thermal fluids during the sampling period 
argues against mixing of thermal fluids with cold water. 
The geothermal system is a hot-water rather than a vapor-
dominated system. 
The 60 content of thermal fluids is similar to the 60 
content of local cold water wells, springs, basinal pore 
fluids at a depth of 4 to 5 m, and perennial streams. 
Similarities in 60 values indicate recharge for geothermal 
fluids is precipitation from the Steens Mountain fault 
block. The 6110 content of thermal fluids is shifted 2 to 
3°/- to the right of the world meteoric water line 
indicating fluid-rock interaction at elevated temperatures 
in the reservoir. 
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Tritium contents indicate relatively long residence 
times and/or low-velocity circulation of meteoric water 
through basement rocks. Values range from 0 to 0.25 T.U. 
The application of two end-member models, which calculate 
fluid residence times, generate a minimum of 57 years and a 
maximum of greater than 10,000 years. 
Estimated reservoir temperatures based on cation and 
silica geothermometry are between 170 and 200°c. Oxygen-
sulfate isotope geothermometer estimates indicate reservoir 
temperatures between 198 and 207° C for Borax Lake and 
Alvord Hot Springs. Mickey Springs and a flowing well 
northeast of Borax Lake yield temperature estimates of 168 
and 150° C, respectively. These values indicate partial 
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reequilibration of the isotopic system. 
The 013C contents of carbon dioxide and methane of gas 
discharges from the thermal areas are similar to geothermal 
fluids from other sites. The 6 13C of methane indicate 
"normal" geothermal methane for Alvord Hot Springs and 
Mickey Springs (-27.8 and -27.6, respectively). The 013C of 
CIL for springs north of Borax Lake (-33.6) indicates a 
small amount of thermogenic methane may be contributed by 
thermal alteration of organics in basinal sediments. The 
013C contents for Ceh at Alvord Hot Springs and Borax Lake 
are within the range expected for atmospheric, fumarolic, or 
mantle derived C02 (-6.5 and -6.6, respectively). The o13C 
content of C02 from Mickey Springs is isotopically lighter 
than gas released from fumaroles or the mantle (-9.4). 
Nz/Ar ratios for Mickey Springs and Borax Lake gases (39.2 
and 40.8, respectively) indicate interaction with air-
saturated ground water during flow through the the zone of 
aeration. Helium is enriched relative to Ar and Nz in gas 
discharges from Alvord Hot Springs, indicating longer fluid 
residence times and/or increased crustal interaction at high 
temperatures. 
Ratios of B/Cl indicate the fluid reservoir is hosted 
in volcanic rocks. The Li/Cs ratios for the Borax Lake 
thermal area are consistent with a reservoir located in 
rhyoli tic rocks. The 228Ra/226 Ra content of Borax Lake 
thermal fluids (1.14 ± 0.13 dpm/kg) indicates interaction 
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with volcanic rocks for Borax Lake. The 228Ra/ 226Ra content 
of thermal fluids from Alvord Hot Springs and Mickey Springs 
(0.38 ± 0.02 and 0.17 ± 0.09) are lower than those expected 
for volcanic rocks and may indicate local uranium 
accumulation in the reservoir or zones of upflow. The 
81 Sr / 86Sr values for thermal waters and stratigraphic uni ts 
indicate the fluid reservoir is located in volcanic rocks 
beneath Steens Basalt. Equilibration of fluids in these 
units argues for thermal water circulation depths of 2 to 
2.5 km in the Borax Lake thermal area, greater than 3 km in 
the Alvord Hot Springs area and 1 to 2 km in the Mickey 
Springs area. 
Data presented in this study do not preclude a single 
large deep reservoir system discharging at these three 
thermal areas in the Alvord basin. Differences in the 
chemical and isotopic composition of discharge from the 
three thermal areas are produced during upf low from the 
reservoir. During upflow, thermal waters follow a complex 
pathway of vertical and lateral fractures which includes 
short residence times in shallow reservoirs before reaching 
the surface. Boiling, mixing with condensate, oxidation, 
mixing with 1-3% tritium-bearing, near-surface cold water, 
relative differences in flow rate and volume, and slow 
cooling without vigorous boiling are processes that modify 
fluid composition during upflow from the deep geothermal 
reservoir. 
HYDROGEOCHEMICAL CHARACTERIZATION OF THE 
ALVORD VALLEY KNOWN GEOTHERMAL RESOURCES AREA, 
HARNEY COUNTY, OREGON 
by 
ANNA MARIA ST. JOHN 
A thesis submitted in partial fulfillment of the 
requirements for the degree of 
MASTER OF SCIENCE 
in 
GEOLOGY/GEOHYDROLOGY 
Portland State University 
1993 
TO THE OFFICE OF GRADUATE STUDIES: 
The members of the Committee approve the thesis of Anna 
Maria St. John presented June 10, 
APPROVED: 
Provost for Graduate Studies and 
DEDICATION 
This thesis is dedicated to the memory of Michael 
Cununings' appendix. 
ACKNOWLEDGEMENTS 
This thesis would not have been completed without the 
support, advice, patience and sense of humor of several 
wonderful people. Many thanks to George Darr and the 
Bonneville Power Administration for financial support. 
Denny Seymour and Nancy Katrinos of the Bureau of Land 
Management provided the impetus for this project, as well as 
technical support and helpful discussions. Randy Thompson, 
Tim Blackwood and Dave Whitaker supplied their brains and 
braun in the field. Randy Thompson also provided his G.I.S. 
wizardry and drafting skills for the enclosed maps. Many 
thanks to Rodger, Ray and Marie West for the use of Flipper 
for our Borax Lake adventures. I would like to thank 
Neil Sturchio for a critical review of the thesis. Many 
thanks to all of my buddies in Manzanita and Portland for 
their emotional support over the years. Many thanks to the 
people of the Alvord and Pueblo Valleys, including the 
Northrops, the Davis family, Carl Thomas, Mike 
and Tracy of the Kueny Ranch and Jim Weston for their 
kindness and water. Lastly, I would like to thank my friend 
and advisor, Michael Cummings for intelligent discussions 
and critical reviews, his keen sense of observation in the 
field, and his patience and sense of humor during this 
project. 
TABLE OF CONTENTS 
PAGE 
ACKNOWLEDGEMENTS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . iii 
LIST OF TABLES .. ................................... vii 
LIST OF FIGURES. . . . . . . . • . . . . . . . . . . . . . . . . . . . . . . . . . . . x 
INTRODUCTION. . . . . • • . • . . . . • • . . . . . . . . . . . . • . . . . . . . . . . . 1 
REGIONAL TECTONIC AND GEOLOGIC SETTING ............. 5 
Stratigraphy... . • . . . . . . • . . . . • . . . . . . . . . . . . . . . . . 10 
Pre-Tertiary Rocks 
Tertiary Rocks 
Quaternary Deposits 
Structure .........•......••............•....•. 18 
REGIONAL HEAT FLOW. . . . . • . . . . . . . . . . . . . . . . . . . . . . . . . . . 21 
REGIONAL HYDROLOGIC SETTING •••.••.................. 27 
Climate ....................................... 27 
Hydrology ...............•.• ~ . . . . . . . . . . . • . . . . . . 28 
Ground Water Flow 
Deep Thermal Water Flow 
Surf ace Hydrology 
SAMPLING AND ANALYSIS. . • . . . . . . . • . . • . . . . . . . . • . • . . . • . 33 
Water Samples. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33 
Gas Samples .................................•. 35 
LITHOLOGY OF HOT SPRING AREAS ....................•• 38 
Borax Lake. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39 
Surf ace Features 
Lithology 
PAGE 
Mickey Springs. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43 
Surf ace Features 
Lithology 
Alvord Hot Springs ............................ 50 
Surf ace Features 
Lithology 
STRUCTURAL CONTROLS ON THE LOCATION OF HOT SPRINGS. 55 
Borax Lake. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55 
Mickey Springs. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59 
Alvord Hot Springs ............................ 61 
GEOTHERMAL RESERVOIR CONDITIONS .................... 63 
Chemistry of Non-thermal and Thermal Waters ... 63 
Temporal Variations in Water Chemistry 
Chemistry of Non-thermal Waters 
Chemistry of Thermal Waters 
Light Isotope Geochemistry .................... 80 
Oxygen and Deuterium 
Tritium 
Chemistry of Gas Discharges ................... 101 
Host Lithology of the Reservoir ............... 107 
Strontium Isotope Geochemistry 
Radium Isotope Geochemistry 
Carbon Isotope Geochemistry 
Reservoi r Geothermometr y. . . . • . . . . . . . . . . . . . . . . . 11 7 
Reservoir Temperatures 
DISCUSSION . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 128 
Hydrogeochemistry and Reservoir 
Characteristics ..................... 129 
Recharge 
Residence Times in the Reservoir 
v 
Reservoir Temperature 
Host Rock Lithology 
Upf low 
Depth of Thermal Fluid Ci rculation 
Conceptual Model of Thermal Fluid 
PAGE 
Circulation in the Alvord Basin ..... 147 
SUMMARY AND CONCLUSIONS ........................ . ... 151 
REFERENCES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1 5 5 
APPENDIX .....•. . ••...•...•...•..... . ...... . ....... .• 171 
vi 
TABLE 
I 
LIST OF TABLES 
PAGE 
Stratigraphy Exposed in the Alvord 
Basin and Surrounding Mountains .. 11 
II Determination of Heat Flow for the 
Alvord Basin ..................... 25 
III Chemical Composition of Cold Water 
Springs and Wells in the Alvord 
Basin ............................ 65 
IV Chemical Composition of Thermal Springs 
in the Alvord Basin .............. 66 
V Seasonal Variations in Chloride 
Concentrations in Cold Water 
Springs and Wells and Thermal 
Springs in the Alvord Basin ...... 70 
VI Stable-isotope Composition of Thermal and 
Non-thermal Water in the Alvord 
Basin .......•.................... 85 
VII Tritium Concentrations and estimated 
Mean Residence Times for Thermal 
Springs and Cold Water Wells and 
Springs in the Alvord Basin ...... 95 
TABLE 
VIII Weighted Mean Tritium Values from 
Precipitation i n Selected Areas of 
PAGE 
the Western United States ........ 97 
IX Chemistry of Alvord Basin Gas 
Discharges. . . . . . . . . . . . . . . . . . . . . . . 103 
X Strontium Isotope Ratios for Volcanic 
Rocks and Thermal Fluids from 
the Alvord Basin and Surrounding 
Mountains ........................ 110 
XI Radium Isotope Ratios for Thermal 
Fluids from the Alvord Basin ..... 113 
XII Equations Expressing the Temperature 
Dependence of Selected 
Geothermometers (After 
Fournier, 1981) .................. 120 
XIII Chemical, Isotopic and Gas 
Geothermometry for the 
Alvord Valley KGRA ............... 123 
XIV Chemistry of Thermal and Non-thermal 
Water in the Alvord 
Basin, 1953 - 1989 ............... 172 
XV Fluid-Mineral Equilibria for Cold Waters 
in the Alvord Basin .............. 174 
XVI Saturation Indices (log (IAP/K.p)) for 
Thermal Fluids ................... 175 
viii 
ix 
TABLE PAGE 
XVII Geochemistry of Pore Fluids from 
Alvord Lake. . . . . . . . . . . . . . . . . . . . . . 177 
FIGURE 
1. 
LIST OF FIGURES 
PAGE 
Location Map of the Alvord Valley Known 
Geothermal Resources Area .......... 3 
2. Tectonic Setting of Southeastern Oregon 
(Modified from Langer, 1991) ....... 6 
3. Physiographic Setting of the Study 
Area (Modified from Hart and 
Carlson, 1987) ..................... 8 
4. Generalized Stratigraphy of Steens 
Mountain and Alvord Basin 
(Modified from Orr et 
al., 1992) ......................... 12 
5. Heat Flow in Nevada and Surrounding 
Areas (From Blackwell, 1983) ....... 22 
6. Idealized Sketch of Fluid Potential 
Relationships in Great Basin Flow 
Systems (From Miff lan, 1988) ........ 29 
7. Geology of the Borax Lake Thermal Area ... 40 
8. Geology of the Mickey Springs Area ....... 44 
9. Geology of the Alvord Hot Springs Area ... 52 
FIGURE PAGE 
10. Seasonal Variations in Fluid Chemistry 
for Cold Waters: a) Major 
Constituents, Thomas Well, b) Minor 
Constituents, Thomas Well, c) Chemical 
Constituents, Alvord Ranch Spring, 
d) Chemical Constituents, Alvord 
Ranch Well, e) Major Constituents, 
Kurtz Well, f) Minor Constituents, 
Kurtz Well, g) Major Constituents, 
Unnamed Spring North of Mickey 
Springs, and h) Minor Constituents, 
Unnamed Spring North of Mickey 
Springs ............................ 67 
11. Seasonal Variations in Chemistry of 
Thermal Fluids: a) Major 
Constituents, Borax Lake, 
b) Minor Constituents, Borax Lake, 
c) Major Constituents, Springs 
North of Borax Lake, d) Minor 
Constituents, Springs North of Borax 
Lake, e) Major Constituents, Alvord 
Hot Springs, f) Minor Constituents, 
Alvord Hot Springs, g) Major 
Constituents, Mickey Springs, 
xi 
FIGURE PAGE 
and h) Minor Constituents, Mickey 
Springs. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68 
12. Schoeller Diagram for Cold Water 
Chemistry. . . . . . . . . . . . . . . . . . . . . . . . . . 71 
13. Schoeller Diagram of Thermal 
Water Chemistry ..•...•.........•.... 75 
14. Relative Cl, S04 and HC03 Contents 
of Thermal Fluids on a Weight 
Basis (mg/kg) • . . . . . . . . . . . . . . . . . . . . . . 76 
15. Plots of B, F, and Li vs. Cl for Thermal 
and Non-thermal waters from Alvord 
Basin ............................... 78 
16. Map of North America Showing Contours 
of the Approximate oD Values of 
Meteoric surface Waters (Taylor, 
1974) ............................... 82 
17. Plot of oD vs. 6180 Showing Thermal 
and Cold Waters Relative to 
WMWL (World Meteoric Water Line) 
and SMOW (Standard Mean Ocean 
Water) . . • • . . . . . . • • • . • . . . . . • . . • . . . . . 86 
18. seasonal Variations in oD and 6180 
Contents for Cold Waters ..••........ 88 
19. Seasonal Variations in oD and 6180 
Contents for Thermal Fluids •....•... 89 
xii 
FIGURE PAGE 
20. Tritium Models for Alvord Basin 
Cold and Thermal Waters ............. 99 
21. Relative N2, CH4 and C02 Contents in 
Gas Discharges on a Molar 
(Volume) Basis. . . . . . . . . . . . . . . . . . . . . . 104 
22. Relative Ni, He and Ar Contents in 
Gas Discharges on a Molar 
(Volume) Basis ...................... 106 
23. 87Sr / 86Sr Ratios for Thermal Waters 
and Country Rocks of the Alvord 
Bas in Area. . . . . . . . . . . . . . . . . . . . . . . . . . 112 
24. Gas Sources Determined from Carbon Isotope 
Ratios of Methane and Carbon Dioxide 
(Adapted from Whiticar, 1990) ....... 115 
25. Schematic Section through a Hypothetical 
Hot-Spring System ................... 138 
26. Depth vs. Boiling Curve for Water-dominated 
Fluids (From Truesdell, 1985) ....... 141 
27. Schematic Block Diagram Showing 
Conceptual Model of Thermal 
Fluid Circulation in the Alvord 
Basin. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 149 
xiii 
INTRODUCTION 
The geochemistry and isotopic characteristics of 
thermal fluids and rocks are used to assess the nature and 
extent of geothermal systems. Tritium and isotopic ratios 
of O, H, B, Sr, S, Ra and U are used as tracers of 
subsurface flow-paths and indicators of residence times, 
water-rock interactions, and mixing and boiling relations 
(e.g. White, 1970; Fournier and Truesdell, 1974; Truesdell 
and Hulston, 1980; Fournier and Hanshaw, 1986; Shevenell et 
al., 1987; Taylor and Stewart, 1987; Kharaka et al., 1990; 
Palmer and Sturchio, 1990; Parry and Bowman, 1990; Goff et 
al., 1991a; Sorey et al., 1991; Sturchio, 1990; Sturchio et 
al., 1993). The chemical and isotopic characteristics of 
gases are used to delineate the origin of fluids discharged 
from geothermal systems (e.g. Giggenbach, 1986; White et 
al., 1990). 
In addition, the geochemistry and isotopic composition 
of thermal fluids are used to determine the reservoir 
temperatures and lithology of reservoir rocks. The 
composition of thermal fluids is used to estimate 
underground reservoir temperatures (Fournier and Rowe, 1966; 
Fournier and Truesdell, 1974; Benjamin et al., 1983; 
Fournier, 1979; Giggenbach, 1988; Kharaka and Mariner, 
1989). The Sr-isotope geochemistry of thermal waters and 
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rocks is used to determine the lithology of the source 
reservoir in which fluids initially equilibrated (e.g. Goff 
et al., 1991}. Also, age determinations of hot-spring 
deposits offer direct information about the timing of 
thermal activity and the evolution of a geothermal system 
(e.g. Sorey et al., 1991; Sturchio, 1990; Sturchio and Binz, -
1988). 
Hot springs are located at three main areas in the 
Alvord basin in southeastern Oregon: Borax Lake, Alvord Hot 
Springs and Mickey Springs (Figure 1). The U.S. Geological 
Survey designated a large portion of this closed basin as a 
Known Geothermal Resource Area (KGRA) in 1979. The KGRA 
covers most of the valley floor from Fields to northeast of 
Mickey Springs (Figure 1). Borax Lake and associated hot 
springs are located in Pueblo Valley, while Alvord Hot 
Springs and Mickey Springs are located in the Alvord Valley 
to the north (Figure 1). 
Private companies have conducted geothermal exploration 
programs throughout the valley including gravity, magnetic, 
magnetotelluric, seismic reflection and resistivity surveys, 
contour heat-flow maps, as well as shallow- and deep-
temperature gradient drilling and fluid sampling. However, 
much of this information is proprietary. 
This study uses a multidisciplinary approach 
integrating geologic, geochemical and isotopic data from 
fluids, gases and rocks to estimate the temperature and 
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Figure 1. Location map of the Alvord Valley Known 
Geothermal Resources Area. 
extent of underlying r eservoirs , to evaluate reservoir rock 
types , to define possible recharge zones , circulation 
pathways and mixing relations , and to constrain the 
hydrologic connection, if any , among Borax Lake , Alvord Hot 
Springs and Mickey Springs thermal areas . 
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REGIONAL TECTONIC AND GEOLOGIC SETTING 
The Alvord basin is located about 115 km south-
southeast of Burns in Harney County, Oregon (Figure 1). The 
valley is a N-NE striking graben 112 km long and 13 km wide 
at it widest point near Alvord Lake. The broad, flat basin 
floor lies between the upthrown blocks of Steens Mountain 
and the Pueblo Mountains to the west and the topographically 
lower White Horse and Trout Creek Mountains to the 
southeast. To the northeast, the valley is bounded by lower 
elevation rolling hills and plateaus more typical of Owyhee 
Upland topography. At the extreme north and northeast, the 
Alvord Valley narrows and merges into the Sheepshead 
Mountains. The Steens Mountain fault block is bounded by 
the NW-striking Brothers fault zone to the north. To the 
south, the Steens Mountain is separated from the Pueblo 
Mountains by a NW-striking normal fault (Figure 2). 
Considerable topographic relief exists in this area; 
Steens Mountain reaches 2,961 m while the Alvord Desert lies 
at 1,219 m. Suggested displacements on the Steens Mountain-
Pueblo Mountains range-front faults on the west vary from 
2,555 m to 2,926 m, with the greatest amounts of movement 
being at Steens Mountain west of the Alvord Desert 
(Hemphill-Haley et al., 1989). This displacement suggests a 
long-term slip rate of 0.33 mm/yr for the last 9.3 Ma 
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Figure 2. Tectonic setting of southeastern Oregon (Modified from 
Langer, 1991). 
(Hemphill-Haley et al., 1989). On the eastern side, 
displacement on the range-front faults are at least 325 m 
and may exceed 1,200 m. 
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The Alvord basin is in the northern part of the Basin 
and Range province (Baldwin, 1976). The Oregon Plateau 
(Figure 3), the northernmost portion of the Great Basin and 
Basin and Range province, has been characterized by NW-SE 
extension over the past 6-14 Ma as evidenced by abundant N-
NE-striking faults (e.g, Steens Mountain, Hart Mountain, 
Abert Rim) along which vertical displacements are up to 2 km 
(Hart and Carlson, 1987). West- to northwest-striking 
normal faults (e.g., Vale fault zone, Brothers fault zone, 
Eugene-Denio fault zone, McLaughlin fault zone) are 
interpreted to indicate right-lateral, strike-slip faulting 
with tens of kilometers of offset caused by E-W extension of 
the plateau (Lawrence, 1976) (Figures 2 and 3). 
The Oregon Plateau is bordered on the west by the 
Paleozoic to Mesozoic rocks of the northern Klamath 
Mountains and the Cenozoic volcanic rocks of the Cascade 
Range. To the north the plateau borders the Paleozoic to 
Mesozoic accreted terrains exposed in the Blue Mountains and 
Tertiary volcanic rocks of the Columbia Plateau. 
Structural features define the southern and eastern 
margins of the Oregon Plateau. The NW-striking, 200 km 
long, 5-km wide zone of normal faults known as the Orevada 
rift, the northern boundary of the exposed pre-Cenozoic 
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Figure 3. Physiographic setting of the s t udy area (Mod i f i ed from 
Hart and Carlson, 1987). 
basement in the northern Great Basin, delineates the 
southern edge (Rytuba and McKee, 1984). The eastern margin 
of the plateau is defined by the Oregon-Nevada lineament 
(Zoback and Thompson, 1978). The Northern Nevada rift and 
feeder dikes of the Steens Basalt occur at the southern end 
of the Oregon-Nevada lineament and the western Snake River 
Plain graben and main dike swarms of the Columbia River 
Basalt at the northern end (Zoback and Thompson, 1978). 
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Clues to the nature of the earliest extension are 
derived from studies of proposed Miocene rift systems. The 
earliest extension in the Oregon Plateau took place between 
21 and 24 Ma along the NW-striking Orevada rift (Rytuba and 
Conrad, 1981). The Oregon-Nevada lineament was active 
between 17 and 14 Ma, during which time the main portion of 
the Steens Mountain basalts and Columbia River basalts were 
erupted. Both rift systems indicate a general NE-SW, early-
to mid-Miocene extension direction (e.g., Christiansen and 
McKee, 1978; Zoback and Thompson, 1978; Rytuba and Conrad, 
1981). Eaton (1982) and Hart and Carlson (1987) postulate 
that a change in stress orientation from NE-SW to E-W 
extension occurred at 17 Ma. Barrash and Venkatakrishnan 
(1982) postulate that extensional deformation in the Great 
Basin area was influenced by transform motion along the 
western margin of North America that developed by northward 
migration of the Mendocino triple junction from 14 to 10 Ma. 
Around 10 Ma, the Pacific plate changed its spreading 
direction from E-W to NW-SE relative to the Juan de Fuca 
plate (Barrash and Venkatakrishnan, 1982). 
10 
The geology, stratigraphy and structure of Steens 
Mountain-Pueblo Mountains and Alvord basin have been 
described by Fuller (1931), Williams and Compton (1953), 
Wilkerson (1958), Walker and Repenning (1965), Gunn and 
Watkins (1970), Cleary {1976), Hook (1981), Minor et al. 
(1987a, 1987b, 1987c), Hemphill-Haley (1987), Hemphill-Haley 
et al. (1989) and Langer (1991). 
STRATIGRAPHY 
The mountain ranges surrounding the Alvord basin are 
dominated by voluminous Tertiary volcanic rocks and minor 
sedimentary rocks. Table 1 presents the stratigraphy of the 
Alvord basin and surrounding mountain ranges. Figure 4 is a 
conceptual representation of the stratigraphy of the Steens 
Mountain fault block and the Alvord basin. The dominant 
lithology, Steens Basalt, covers an area of 75,000 km2 and 
has a volume of 30,000-35,000 km3 (Mankinen et al., 1987). 
' The flows are time equivalent to the early Columbia River 
Basalt, the Owyhee Basalt and the Snake River Basalt. 
The Alvord Creek Formation, Pike Creek Format~on and 
Steens Mountain Volcanics (Andesite Series) are 
stratigraphically below the Steens Basalt. These units have 
no obvious equivalents in the surrounding area. They 
include rhyolite, dacite, and andesite flows and tuffs. 
TABLE I 
STRATIGRAPHY EIPOSED IR m lLYORD nm AND SDRRODHDIHG l!OUNTAIMS 
Uait 
Puller (1931), Villiw ind 
Co1pton (1953), and Gunn 
ud Watkins (1970) 
Walker ud Repming (1965), 
l!inor et al (1987a, b and c), and 
Luger (1991), present study 
Alluviu1 AllUYiUI 
---------- unconfor1i ty ----------
Rhyolite ash-flow tuffs 
aad breccias 
---------- nnconfor1ity ----------
Steens Basalt Steeas Basalt 
---------- unconfor1ity ----------
Steens l!ountaia Steens l!onntain 
Andesite Series Volcanics 
---------- unconfor1ity ----------
Pike Creek Pike Creek For1ation 
Volcanic Series 
---------- nnconfor1i ty ----------
Alford Creek Beds Uvord Creek Fouation 
Description 
Valley fill consisting of sand, gravel and 
boulder deposits, sand, silt ud lacustrine 
sediaents. Total thickness estimated 
to be 0. 5 to 1 ti in the 
1iddle of the basin. Pleistocene to Bolncene 
Partially welded ash-flow tufts 
and breccias overlie SMB between 
Steens l!ouutiin and Pueblo Mountains. 
100 to 150 1 in thickness. 
Elposed locally. 
Thin, irregularly bedded flovs of 
porphyritic to aphyric olivine 
tholeiite to high alU1ina basalt. 
Thickness eiceeds 1000 1 on the High Steens . 
Kiddle Miocene (18 to ll Ma) . 
Thick and locally extensive olivine and 
augite basalt and uyqdaloidal andesite 
rich in 1eolites overlain by thin 
andesi te and basalt flovs and elastic 
uterial of variable thickness. 
Thickness eiceeds 700 1 in Steens Mountain 
and Pueblo l!oantaius. Early to 
1iddle l!iocene 123 to 19.5 Ma). 
Rhyolitic ash-flow tuffs. Total thickness 
is JOO to SOO 1. Early l!iocene. 
Light colored, fossiliferous tuffs and 
sediaents, claystone, Opaline chert, and 
congloaerate in thin and thick beds. 
Thickness ranges fro• SO to 200 1 
Minor ufic flovs near base of section. 
Early Miocene. 
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Figure 4. Generalized Stratigraphy of Steens 
Mountain and Alvord basin (modified from Orr et 
al. I 1992) 
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lro..11 Cruk luf l 
Major angular unconformities exist between the Pike Creek 
Formation and Steens Mountain Volcanics and between Steens 
Mountain Volcanics and Steens Basalt (Minor et al., 1987a, 
1987b and 1987c). 
Pre-Tertiary Rocks 
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Pre-Tertiary crystalline rocks are exposed in the 
southwestern part of the Alvord basin along the crest of the 
Pueblo Mountains from just west of Tumtum Lake to the Nevada 
state line (Figure 1). The section exposed in the east-
bounding fault scarp consists of Paleozoic and Mesozoic 
metamorphic and granitic intrusive rocks, overlain by a 
series of Tertiary volcanic rocks. Mesozoic intrusive rocks 
include granodiorite and quartz diorite, partly gneissic. 
Moderate to steeply dipping Permian or Triassic 
metasedimentary and metavolcanic rocks include an assemblage 
of quartzites, graywacke, greenstone, sericite schist, 
quartz-muscovite schist, muscovite-chlorite-actinolite 
schist, argillite and minor marble. The pre-Tertiary rocks 
do not crop out near Steens Mountain, but are inferred by 
Williams and Compton (1953) to underlie the extensive 
Tertiary volcanic sequence exposed in this scarp. 
Tertiary Rocks 
Tertiary volcanic and volcaniclastic deposits are the 
rock units that compose Steens Mountain, Trout Creek 
Mountains, Sheepshead Mountains, and part of the Pueblo 
Mountains. The relative age and stratigraphic position of 
units is discussed relative to the middle Miocene Steens 
Basalt. 
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Pre-Steens Basalt Section. Fuller (1931) was the first 
to describe the Tertiary volcanic rocks in the eastern 
escarpment of Steens Mountain. The lowest stratigraphic 
units are stratified silicic tuffs called the Alvord Creek 
Beds (Table 1), which have been intruded by a basaltic sill 
and subsequently arched by a rhyolite laccolith. The base of 
this unit is covered, and the maximum exposed thickness is 
about 275 m in the Alvord Creek Canyon (Figure 1) (Libbey, 
1960). The Alvord Creek Beds are overlain by 500 m of 
stratified tuff s and silicic flows of the Pike Creek 
Volcanic Series. 
The Pike Creek Volcanic Series is overlain by andesite 
flows called the Steens Mountain Andesite Series (Table 1) 
and approximately 1,000 m of basaltic flows of the Steens 
Basalt. The angular unconformity between Steens Basalt and 
the Steens Mountain Andesite Series is typically greater 
than 15°, and as much as 30° (Fuller, 1931). Basaltic 
dikes, which strike approximately N-S, cut through the 
Steens Basalt and through the underlying tuffs and lavas. 
Minor et al. (1987a, 1987b, 1987c) remapped the area 
covered by Fuller (1931). They established a more detailed 
stratigraphy on 1:24,000 scale maps. The Alvord Creek Beds 
were renamed the Alvord Creek Formation; the Pike Creek 
Volcanic Series is now the Pike Creek Formation, and the 
Steens Mountain Andesite Series is the Steens Mountain 
Volcanics (Minor et al., 1987a, 1987b, 1987c}. This 
nomenclature will be used in this study. 
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Steens Basalt. K-Ar dates from Watkins and Baksi 
(1974), Hart and Mertzman (1982) and Hart and Carlson (1985) 
indicate that the main volume of $teens Basalt was extruded 
between 14.5 and 17 Ma, and the total age range is 11 Ma to 
18 Ma. Watkins (1965, 1969} infers that no significant time 
gap exists between single lava flows, due to the absence of 
interf low sediments and the presence of welded contacts 
between some lava flows. Paleomagnetic data indicate a 
change in the geomagnetic field from reversed to normal 
polarity in middle Miocene time (15 Ma) (Watkins 1965, 
1969}. Goldstein et al. (1969) confirmed these results. 
Mankinen et al. (1987) note that the field reversal occurred 
in two stages and is entirely recorded in $teens Basalt 
exposed on the High Steens; this observation makes the High 
$teens a reference section for magnetostratigraphy. 
Post-Steens Basalt. Welded ash flow tuffs overlie 
Steens Basalt (Walker and Repenning, 1965; Rytuba and McKee, 
1984). Ash flow tuffs, possibly erupted from the McDermitt 
volcanic field, outcrop between the Steens and Pueblo 
Mountains (Langer, 1991) and indicate that block faulting 
occurred after 9.3 Ma (Rytuba and McKee, 1984). However, 
Langer (1991) mapped rhyolitic flow breccias and partly 
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welded ash-flow tuffs in the vicinity of Red Mountain, a 
small hill located on the Steens Mountain fault block 
approximately 8 km northwest of Fields. She notes that 
flows at Red Mountain were erupted from a central crater 
with preserved ring breccia. Mapping by Langer (1991) 
indicates eruption of rhyolitic flow breccia and ash-flow 
tuffs from local vents as opposed to the McDermitt volcanic 
field to the south. 
Quaternary Deposits 
The Alvord basin is filled with alluvial and lacustrine 
deposits. Lake shorelines and lacustrine deposits at the 
surf ace attest to the presence of at least two late 
Pleistocene paleolakes in the valley that were up to 100 m 
deep (Hemphill-Haley, 1987). Hemphill-Haley (1987) and 
Hemphill-Haley et al. (1989) have mapped three separate late 
Quaternary-aged lacustrine and f luvial sequences along the 
western side of the Alvord basin. The following summary is 
modified from Hemphill-Haley (1987). 
The older lacustrine deposits are exposed south of 
Indian Creek along the lower flank of Steens Mountain 
between 1,310 m and 1,280 m. They consist of generally well 
developed beds of silty sand and medium- to coarse-grained 
sand and gravel. Individual beds are nearly horizontal, up 
to 4 cm thick, and commonly exhibit cross-bedding. 
Intermediate-aged lacustrine deposits are exposed south 
of Tuf fy Creek below a prominent shoreline cut into the 
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older lacustrine deposits at about 1,310 m. They consist of 
mediwn to light brownish-gray silty to mediwn and coarse-
grained sand and gravel, grading to fine sand, silt and clay 
away from the range front. Bedding is well-developed and 
beds dip up to 4°; beds thin toward the interior of the 
basin ranging from 10 cm to less than 1 cm thick. Evidence 
that the intermediate-aged paleolake was a separate lake 
from the earlier, older lake (instead of a prolonged 
recession of the older lake), includes relatively youthful, 
sharp-crested gravel bars at a maximum elevation of 1,378 m 
and a well-developed, youthful shoreline at that elevation 
that cuts the older, more eroded barrier bar deposits. 
Recent, unconsolidated sediments consisting of light-
gray coarse sand and gravel have been deposited along the 
beaches associated with "present" lake levels of Alvord 
Lake. Sediments from the center of the lake are light-brown 
to light-gray, fine silt and sand. 
Sand- and gravel-sized material varies in lithology 
depending on location in the Alvord basin. Thin section 
analysis of late Pliocene (Ross, 1942) to early Pleistocene 
(Williams and Compton, 1953) silicified sandstones south of 
Borax Lake (Figure l} indicate volcanic, plutonic and 
metamorphic lithic clasts (Cummings and St. John, 1993). 
However, thin section analysis of silicified sandstones in 
the Mickey Springs area indicate variously textured basalt 
clasts (Cummings and St. John, 1993}. 
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STRUCTURE 
Dips of volcanic rocks vary from 5° to 30° to the west. 
Generally, the Steens Mountain block dips to the west at 5° 
or less. Most of the faults that bound the valley on the 
west strike approximately north-south. The east-facing 
scarp and frontal fault generally trend N5°E but have 
sections where the trend approaches N25°E. Another set of 
faults strike N30°W to N60°W with maximum displacements of 
only a few hundred meters. Cleary (1976) noted evidence of 
recent faulting 11.8 km due east of Alvord Hot Springs. He 
observed a series of north-south trending fractures in playa 
sediments and mounds of dirt and deformed greasewood on 
opposite sides of the fractures. An attempt to confirm 
these observations during the sununer of 1992 was not 
successful. 
The Steens Fault Zone (SFZ) (Hemphill-Haley, 1987) is a 
system of normal faults located along the base of the Steens 
Mountain escarpment. These faults are expressed at the 
surf ace as predominately east-facing scarps that displace 
late Quaternary lacustrine and alluvial deposits, lake 
strand lines and Tertiary volcanic rocks. 
Hemphill-Haley et al. (1989) evaluated a segment of the 
SFZ known as the Alvord fault; it extends from Big Alvord 
Creek south for a distance of 27 km along the base of Steens 
Mountain, and then crosses the Alvord Desert and dies out in 
the playa. The northwestern 16 km of the fault is generally 
a single trace, while the southern portion branches into 
several splays that bound Serrano Point and Alvord Point. 
The Alvord fault trends Nl8°W to Nl2°E and is a high-angle 
normal fault that dips 72° to the east. This segment 
appears to have ruptured less than a few thousand years 
before present and at earlier periods during the Holocene. 
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A number of geophysical studies have been performed in 
the Alvord basin to define the large-scale structure of the 
valley. Cleary (1976) conducted four east-west and two 
north-south gravity surveys (i.e. station spacing of 0.5 to 
1.6 km). Computer-generated structural models show that the 
average depth to basement ranges from 1.0 to 1.5 km in the 
western and southern portions of the Alvord Desert {Figure 
1). In addition, one of the deepest portions of the valley 
is southeast of Alvord Desert and has a depth to basement 
between 1.5 and 2.5 km (Figure 1). Cleary (1976) notes that 
the Bouguer gravity in the valley reflects the general 
north-south structural trend and that gravity increases 
sharply near the valley sides where the valley-bounding 
normal faults are located. 
Griscom and Conradi {1975) performed seven detailed 
gravity and magnetic surveys (i.e. station spacing of 100-
200 m) across areas of possible geothermal interest in the 
Alvord basin. A steep east-sloping gravity gradient is 
evident in profiles on the west side of the basin near 
Alvord Hot Springs. Griscom and Conradi (1975) infer that a 
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large, thick mass of low-density valley fill located in the 
center of the Alvord basin causes this gradient. In 
addition, they note that gravity data imply maximum sediment 
thicknesses of 0.4 km under Alvord Lake and 0.6 km under 
Alvord Desert. Magnetic surveys suggest a maximum depth 
range to magnetic material, presumably volcanic basement, 
from 400 to 500 m in the middle of the Alvord Desert 
(Griscom and Conradi, 1975). They infer that the Alvord 
Desert is strongly asymmetric, with the deepest part being 
on the west side near the Steens Mountain fault block. The 
discrepancy in maximum sediment thicknesses among 
researchers may be due to the station-spacing used in the 
gravity surveys; a closer station-spacing yields better 
resolution of shallow features. A steep linear north-south 
gravity gradient is evident on the west side of Alvord 
Desert. Griscom and Conradi (1975) note that a major fault 
is located at the steepest part of the gradient, coincident 
with Alvord Hot Springs. 
REGIONAL HEAT FLOW 
The northern Basin and Range province is characterized 
by abnormally high geothermal gradients and anomalous 
thinning of the Earth's crust. For example, hot springs and 
historic earthquakes in the Alvord basin (e.g., 1900-1981 of 
ML< 5, Eddington et al., 1987) indicate ongoing activity. 
Seismic refraction data indicate a crustal thickness of 37 
km in central Oregon, while a crustal thickness of 32 km is 
indicated for northwestern Nevada (Catching, 1990). 
Eddington et al. (1987) calculated momentary horizontal 
deformation at the Oregon-Nevada border to be 0.2 mm/a for a 
WNW-ESE trending extension, based on 71 earthquakes. 
Sass et al. (1981) divided the northern Basin and Range 
province into three heat flow regimes: A region of heat 
flow typical of the average heat flow of the province (e.g. 
surface heat flow values of about 85± 10 mwm- 2 ); a region of 
above average heat flow (surface heat flow values of 100· 
mwm-
2
) which is designated as the Battle Mountain Heat Flow 
High, and a region of below average heat flow values which 
is called the Eureka Heat Flow Low (surface heat flow values 
of less than 60 mwm- 2 )(Figure 5). The regional heat flow in 
the Alvord basin and northern Nevada is 60-100 mwm- 2 and the 
regional geothermal gradient is 40-60°C/km based on sparse 
data (Blackwell et al., 1978). 
0 :lO 
0 30-40 • 
c.. 40-52 * 
0 52-62 
• 
Fioure 5. Heat flow in Nevada and surrounding 
areas (from Blackwell, 1983). 
Brown and Peterson (1980) conducted temperature 
gradient and heat flow studies in the Alvord basin. The 
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following downhole heat flow measurements were obtained in 
the Alvord basin: 268 and 134 mwm- 2 near Mickey Springs, 
66. 9 mwm-2 near Alvord Hot Springs, 52 mwm-2 along the 
southeast side of the Alvord Desert, and 66-126 mwm-2 10 in 
the valley approximately 10 to 20 km southwest of the 
Whitehorse Ranch (Brown and Peterson, 1980). The following 
thermal gradient estimates were computed for the above 
areas: 146.2 and 289.8 °C/ km near Mickey Springs, 78.6 °C/ km 
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near Alvord Hot Springs, 58.5 °C/km along the southeast side 
of the Alvord Desert and 61-130.6 °C/km in the valley 
southwest of the Whitehorse Ranch. Blackwell et al. (1986) 
modelled "shallow" (61-76 m) and "deep" (unspecified depth) 
geothermal gradients in the vicinity of Borax Lake. They 
noted that an area of over 20 km2 has a geothermal gradient 
of at least l00°C/km and an area of at least 2km2 has 
gradient values greater than 340°C/km. Typical background 
gradients in the valley sediments range from 35 to 60 °C/km 
in the 3-4 km area surrounding Borax Lake. The high heat 
flow values and thermal gradients occur as a result of 
circulation of hot water that is believed to rise along 
nearby faults and spread laterally through valley fill 
deposits at shallow (less than 100 m) depths. 
The regional heat flow of the Alvord basin is estimated 
using the method of Swanberg (1979) and Swanberg and 
Alexander (1979), in which regional heat flow is correlated 
with the silica content of cool groundwater. Heat flow, q, 
is calculated in milliwatts per square meter (mW/m2 ) as 
follows: 
q = Lt.-=-..!2 
m 
where b and m are empirical constants (13.2°C and 0.67°C 
m2 /mW, respectively), where 
T qtz = ____ __...1 .... 3..... 0..... 9 __ _ 273.15 
5. 19 - log10 [ Si02] 
and where silica concentration is in milligrams per liter 
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(mg/ l). 
Based on silica concentrations of 8 cold groundwater 
samples (Figure 1 and Table 2), the calculated heat flow 
values range from 83 to 185 mwm- 2 for the Alvord basin. 
Samples collected at sites believed to tap zones of thermal 
water mixed with local ground water have calculated heat 
flow values between 121 and 185 mwm-2 • Values for these 
areas are in general agreement with downhole measurements 
made by Brown and Peterson (1980) and Blackwell et al. 
(1986). High values (e.g. values obtained for springs near 
Mickey Springs) are in excess of previously estimated 
regional values. 
It must be noted that the number of data points is 
small and that the constants, b and m, were derived from 
mathematical analysis of thousands of water samples from the 
United States. None the less, the range of values is 
reasonable for the northern Basin and Range Province. 
It is well-known that the Basin and Range province has 
high heat flow. Heat flow values for the Basin and Range 
Province average 85 ± 10 mwm-2 (Blackwell, 1983). High heat 
flow values in the Alvord basin do not appear to be the 
result of shallow heat sources such as a shallow magmatic 
intrusion or young silicic volcanic rocks. Geothermal 
activity in the Alvord basin, like other geothermal systems 
in the Basin and Range Province, appears to be related to an 
active extensional tectonic setting rather than magmatic 
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TABLE II 
DETERMINATION OF HEAT FLOW FOR THE ALVORD BASIN 
Location Date Measured Si02 Tqts Heat 
Temperature (mg/L) Flow 
( 0 c) (mW/m2 ) 
Salt Spr. 12/91 6-8 51.1 103 83 
S of Borax Lake 
Kurtz well 12/91 16.0 67.0 116 153 
03/92 17.3 65.0 115 152 
06/92 15.6 67.0 116 153 
09/92 15.6 65.0 115 152 
Kueny Ranch 12/91 16 51.2 103 134 
Thomas well 12/91 12.9 62.5 113 149 
03/92 14.4 60.0 111 146 
06/92 15.2 57 108 142 
09/92 15.4 59.2 110 144 
Jim's Place 12/91 3.1 42.4 94 121 
Alvord Ranch 
(spring) 09/91 8.3 29.5 79 98 
12/91 8.3 29.5 79 98 
(well) 03/92 8.3 27.0 75 92 
06/92 22.3 31.5 81 102 
09/92 26.7 27.6 76 94 
Corral spg 12/91 22.7 98.8 137 185 
Unnamed spg 12/91 14.4 47.1 99 128 
north of 03/92 14.7 45.0 97 125 
Mickey Springs 
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intrusions or recent volcanic activity. 
REGIONAL HYDROLOGIC SETTING 
CLIMATE 
Climate in the Alvord basin is typified by low 
rainfall, warm summers, and cold winters with large diurnal 
temperature fluctuations. The Alvord basin is located in 
the rain shadow of the Steens Mountain-Pueblo Mountains 
fault block; much of the precipitation brought into the 
region by westerly winds is intercepted by the fault block 
and fails to reach the Alvord basin. Mean annual 
temperatures and precipitation measurements are furnished by 
Everett Lofgren, Hines District, Bureau of Land Management. 
Mean annual temperatures range from 9.0°C at P Ranch at the 
foot of the western slope of Steens Mountain to 10.9°C at 
the Whitehorse Ranch in the Pueblo Valley. Average annual 
precipitation on the basin floor at the Whitehorse Ranch, 
northeast of Fields, and at Denio, Nevada for the period of 
1941 to present is 18.6 cm and 20.1 cm, respectively. 
Average annual precipitation at 1,830 m on the eastern slope 
of Steens Mountain at Western Brothers Mine for the period 
1941 to present is about 43.1 cm. 
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HYDROLOGY 
Ground Water Flow 
Mifflan (1968, 1988) has discussed the hydrology of the 
Basin and Range and Great Basin physiographic provinces. 
The dominant hydrologic regime in the Basin and Range 
province is a range-to-valley flow system. Aquifer heads 
are typically highest in the mountains and lowest in the 
valleys (Figure 6). This observation implies recharge in 
the mountains and discharge in the valleys. 
The characteristics of ground water in the Alvord basin 
are known from data on wells and springs in the basin 
( Townley et al, 1980; State of Oregon Water Well Reports). 
Most of the wells in the Alvord basin penetrate alluvial or 
lacustrine deposits to depths of greater than 164 m. Many 
of the wells near the valley walls penetrate basalt. Water 
levels at most places in the basin are within 10 m of the 
land surface. 
Springs are widely scattered in the basin and the 
adjacent mountains. Most are gravity springs fed by 
precipitation in the Steens Mountain-Pueblo Mountains fault 
block. They issue from the surface of the eastern slope of 
the Steens Mountain-Pueblo Mountains fault block (e.g. 
spring above Jim's place; spring west of Alvord Ranch near 
Big Alvord Creek), at the base of alluvial fans or fault 
scarps (Thomas well and springs along western margin of 
Alvord Desert) and on or near the basin floor at some 
I 
7000 
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distance from the fault block (Kueny Ranch spring, McDade 
place spring)(Figure 1). 
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Movement of non-thermal water in the shallow subsurface 
in the Alvord basin cannot be fully described on the basis 
of available information. However, general movement 
patterns may be estimated from water use and areas of 
discharge. 
Large quantities of ground water are withdrawn by 
numerous wells from sand and gravel and fractured basalt 
aquifers along the western margin of Alvord basin. Many 
wells produce several hundred liters of water per minute, 
and the water is used chiefly for irrigation (Townley et 
al., 1980). Ground water discharge from springs is common 
along the base of alluvial fans and fault scarps. The 
groundwater system is recharged by precipitation in the 
mountains and infiltration of streamflow through alluvial 
fans along the eastern flanks of the Steens Mountain-Pueblo 
Mountains fault block. Each spring, snowmelt runoff from 
upland streams from Steens Mountain and the Pueblo Mountains 
recharges the shallow section of Alvord basin fill (Townley 
et al., 1980). In addition, Piper et al. (1939) note that 
upward movement of groundwater from the underlying 
consolidated rocks also provides small quantities of 
recharge to valley fill deposits. 
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Deep Thermal Water Flow 
In general, the boundaries between the valleys and the 
mountains in the Basin-and-Range Province are defined by 
numerous parallel or en echelon normal faults. The Alvord 
basin is no exception (Hemphill-Haley et al., 1989). 
Fracturing and faulting associated with multiple seismic 
events and ongoing tectonic activity have resulted in 
enhanced vertical conductivity that may allow localized deep 
movement of water and recharge of Alvord basin thermal areas 
by cold meteoric water from the Steens Mountain-Pueblo 
Mountains fault block. 
Surface Hydrology 
The Alvord basin is essentially flat with interior 
drainage toward two ephemeral lakes, Tumtum at the south end 
and Alvord in the central portion (Figure 1). These lakes 
have an areal extent and depth which vary with seasonal 
precipitation and stream.flow. The largest stream in the 
Alvord basin is Trout Creek, which flows north through 
Pueblo Valley into Alvord Lake in northern Pueblo Valley. 
In addition, numerous small streams flow off the east flank 
of Steens Mountain and the Pueblo Mountains into Alvord 
basin. A larger playa, the Alvord Desert, covers about 250 
km2 in the north-central part of the valley. These 
ephemeral lakes and playas serve as terminal sinks for 
surface water in the Alvord basin. Discharge from closed 
basins, such as the Alvord, consists of direct evaporation 
from a playa or lake surf ace and transpiration by 
phreatophytes, plants which line the floodplains of 
perennial streams and surround playas, and mark extensive 
areas where the water table is less than 15 m below the 
surface (Mifflan, 1988). 
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SAMPLING AND ANALYSIS 
WATER SAMPLES 
Hot spring samples, cold springs and well water were 
collected as outlined by Presser and Barnes (1974), Thompson 
(1975), Wood (1976) and Giggenbach and Goguel (1989a). 
Temperature and pH were measured in the field using a 
VWR Scientific Cat. No. 34100-674 pH-MV-Temperature Meter. 
Measurement of pH was made after standardization using two 
buffers (with nominal pH values of 4, 7, and 10) that 
spanned the sample value. The temperature measurements were 
taken as close to the source as possible (e.g., at the top 
of the casing of flowing wells, in the thermal spring vent 
with the greatest amount of flow). 
Samples for cation and anion analysis were collected 
and filtered through 0.45 micrometer pore-size filters prior 
to placing in acid-washed polyethylene bottles. Reagent 
grade hydrochloric acid was added to samples for cation 
analysis to preserve dissolved metals and acidify the sample 
to a pH below 2. Samples collected for anion analysis were 
not acidified and were completely filled to enhance 
preservation of carbonate species. Samples collected for 
dissolved silica were diluted with deionized water where 
analyses indicated silica concentrations greater than 50 
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mg/ L. The dilution prevented polymerization of silica prior 
to analys i s and i s a commonly employed procedure for 
collection of geothermal fluids. Samples collected for 
stable-isotope analysis (H, O) were placed in 250 ml 
polyethylene bottles with polyseal caps. The bottles were 
completely filled and sealed to prevent the loss of water 
vapor. 
Cations and silica were analyzed using inductively 
coupled plasma atomic emission spectroscopy (EPA Method 60-
10). Anions were analyzed using ion chromatography (EPA 
Method 300.6). Samples were analyzed at the Inorganic 
Chemistry Laboratory, Keystone/NEA, Tigard, Oregon. 
Stable isotope ratio analyses for oxygen and hydrogen 
were determined by standard methods at the Geochron 
Division, Krueger Enterprises, Inc., Cambridge, 
Massachusetts. Carolyn Colonero, Geochron Laboratories 
Division, Krueger Enterprises furnished analytical 
procedures. Hydrogen is generated from water samples by 
reacting about 5 microliters of sample with uranium metal at 
800°C. Samples of water oxygen are prepared by 
equilibrating 2 ml of the water sample with 5 ccSTP of pure 
carbon dioxide gas in a sealed tube at 25°C; the 
equilibrated CO:z gas is then withdrawn and cryogenically 
purified. The gas analyses are performed on specially 
designed dual-inlet, double or triple collecting isotope 
ratio mass spectrometers, such as a VG Isogas 602D Siamese 
35 
double collecting instrument and a VG Isogas 903 triple 
collecting instrument. Isotopic data for water is expressed 
relative to standard mean ocean water (SMOW). 
Tritium concentrations were determined at the Tritium 
Laboratory, University of Miami. The analysis procedure 
consists of distillation, enrichment of tritium by 
electrolysis, and measurement by gas counting (Ostlund and 
Dorsey, 1975). 
Sulfate was precipitated with BaClz for determination 
of oxygen and sulfur isotopes. Oxygen isotope ratios in 
sulfate were determined by Dr. Ben D. Holt at Argonne 
National Laboratory using the graphite reduction method of 
Holt (1977). 
Sr-isotope ratios of thermal fluids were measured on a 
VG-54R mass spectrometer by the Analytical Chemistry 
Laboratory, Argonne National Laboratory. In the field, all 
samples were filtered with 0.45-µm membrane filters, stored 
in pre-washed polypropylene bottles and preserved with HCL 
to pH ~ 2. In the laboratory, 100 ml of water was first 
evaporated to dryness to concentrate the strontium prior to 
chemical separation. 
GAS SAMPLES 
Gas sampling was performed with the assistance of Dr. 
Neil Sturchio at the springs north of Borax Lake, Alvord Hot 
Springs and Mickey Springs. Gas samples could not be 
36 
collected at Borax Lake due to logistical problems. Gas 
samples were collected into a 4N NaOH solution in an 
evacuated 300 ml flask equipped with a Rotaflo valve and 
analyzed by the method of Giggenbach and Goguel (1989a). 
Several parts of the procedure were modified as follows. 
Headspace gases were determined using a VG-3001 magnetic 
sector mass spectrometer (instead of by gas chromatography) 
and total S and Cl in the oxidized alkaline condensate were 
determined by ion chromatography (instead of gravimetrically 
and by titrations, respectively). Gas samples were analyzed 
at Argonne National Laboratory by Neil Sturchio. 
Carbon isotope ratios for C(h were determined in the 
following manner. An aliquot of the alkaline condensate was 
reacted with phosphoric acid in an evacuated flask. The C02 
thus produced was purified cryogenically and its volume 
measured by Hg manometer, then it was introduced into a 
precision isotope ratio mass spectrometer (VG Prism series 
II) for determination of its 13C value relative to the PDB 
standard. Uncertainty of the procedure is ± 0.1 per mil. 
Methane was combusted in a CuO furnace at 600°C, and the 
resulting Ceh purified cryogenically for isotopic analysis. 
All isotopic data for fluids, gases and rocks are 
expressed in o notation, where 
Q : ( R.aaph /R.tandard - 1) 1000 I and 
R = D/H, 180/160 and 13C/ 12C. Values are reported in o/oo 
relative to a standard. The standard for water (e.g., D/H 
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and 180/160 ratios) is standard mean ocean water ( SMOW) . The 
standard for 13C/ 2 c ratios is Peedee Belemni te ( PDB) . 
LITHOLOGY OF HOT SPRING AREAS 
Thermal features in the Alvord basin include three 
active hot spring areas shown in Figure 1. Mickey Springs 
and Alvord Hot Springs are located in the Alvord Valley 
while Borax Lake is in the Pueblo Valley. Mickey Springs is 
approximately 8 km northeast of the Alvord Desert. Sinter 
and silicified sandstone are found at this hot spring area. 
Alvord Hot Springs is located 1 km south of the Alvord 
Ranch. This thermal area consists of a NE-striking zone of 
seeps which occur at the base of the Steens Mountain fault 
block. Borax Lake and the hot springs to the north of Borax 
Lake are located 10 km northeast of Fields in the middle of 
the Pueblo Valley. The springs north of Borax Lake are 
aligned N 10° E. Another hot spring is located 12 km east 
of the Pueblo Valley and south of Flagstaff Butte. 
Cummings and St. John (1993) present a detailed 
examination of the surface features, geology and geomorphic 
evolution of the three thermal areas. The following summary 
of surf ace features and geology is modified from Cummings 
and St. John (1993). 
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BORAX LAKE 
Surf ace Features 
Borax Lake and hot springs extending to the north 
(Figure 7) are the surface expressions of the geothermal 
system located in the Pueblo Valley portion of the study 
area. Borax Lake, a warm water (greater than 22°C) lake, 
has a surface area of 0.04 km2 and occurs at the crest of a 
low, shield-shaped mound that rises 8 m above the 
surrounding valley floor. The source of water for the lake 
consists of hot spring discharges entering the lake at a 
depth of 30 m. At a topographically lower level, along the 
crest of a low rise, are hot springs that extend for 0.9 km 
north from the northwest corner of the lake. A warm 
artesian well occurs at the level of the surrounding playa 
0.8 km northeast of Borax Lake. 
Lithology 
The geology in the vicinity of Borax Lake is presented 
in Figure 7. Cummings and St. John (1993) describe four 
lithologic units in the vicinity of Borax Lake, including 1) 
medium- to coarse-grained lithic sandstone to conglomeratic 
sandstone, 2) fine-grained sediments including diatomite, 3) 
silica sinter, and 4) unconsolidated sand. 
Lithic sandstone and conqlomeratic sandstone. Medium-
to coarse-grained, cross-bedded, lithic-rich sandstone to 
conglomeratic sandstone is exposed southwest of Borax Lake. 
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Figure 7. Geology of Borax Lake thermal area. 
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Low outcrops extend from ledges up to 1 m high on the east 
for 0.6 km to the west where they disappear beneath 
surficial deposits. The outcrop area is coincident with 
areas of silica cementation. The lithic component includes 
volcanic, plutonic, and metamorphic rocks. 
Fine-grained sediment. Fine-grained sedimentary 
deposits occur in all directions from Borax Lake (Figure 7). 
They consist of clay-rich deposits composed of approximately 
80% clay. Minor quartz, feldspar, and magnetite are present 
along with trace amounts of what may be boracite, a 
magnesium borate, Mg,Cl2B2BeOzs ( Zol tai and Stout, 1984). 
Smectite, the most abundant clay mineral (81-84%), occurs 
with kaolin (5-6%) and illite (11-14%). 
The stratigraphy of the mound at Borax Lake includes a 
layer of stiff, medium brown, clay-rich sediment at the top. 
The clay-rich layer unconformably overlies fine-grained, 
light gray sediment consisting of diatomite. The thickness 
of the diatomite layer is at least 5 m thick. 
Silica sinter deposits. The distribution of silica 
sinter deposits is indicated in Figure 7. Sinter deposits 
occur around the edge and the bottom of Borax Lake, along 
the hot springs and small ponds north of Borax Lake, and 
near the salt springs south of Borax Lake. In places the 
sinter is overlain by fine-grained sediment that is up to 
20-25 cm thick. 
Sinter deposits associated with Borax Lake form a ledge 
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that defines the boundary of the lake and underlies at least 
part of the lake bottom. The sinter ledge extends up to 37 
m beyond the lake shore at the widest point. Small outflow 
channels are cut into the sinter and form part of the 
discharge system for the lake. 
Two types of sinter deposits are present in and around 
Borax Lake. Cummings and St. John (1993) interpret the 
general lack of fossils, ridge patterns and mound structures 
on the bottom of the lake, particularly the eastern and 
northern lobes, and the lakeward dipping of fine-scale 
banding in sinter along the lake edge as evidence for sinter 
precipitated within and at the margins of a hot pool. Pool-
sinter deposits also occur around the main vent area where 
hot water enters the lake. In addition, the walls of this 
vent are armored, presumably by silica. 
The morphology of the sinter that extends outward from 
the lake margin forming the flat top of the mound is 
consistent with sinter deposited from silica-bearing water 
flowing across a very low-relief surface. Evidence to 
support such an interpretation consists of relatively flat-
lying sheets of sinter, variable number of layers, abundant 
bulrush fossils, and thinning of layers away from the lake 
(Cummings and St. John, 1993). 
X-ray diffraction analysis of Borax Lake sinter 
indicates nearly pure opal-A occurs with trace amounts of 
quartz, feldspar, and boracite (Cummings and St. John, 
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1993). Sinter deposits also occur around the hot springs 
north of Borax Lake (Figure 7). Sinter deposits are locally 
exposed along the springs, but most of the sinter deposits 
are covered by a thin (less than 25 cm) layer of fine-
grained sediment. The sinter deposits are up to 150 m wide 
near the northern end of the row of hot springs. The modern 
hot springs occur along a topographic break where sinter 
deposits west of the springs are up to 1 m higher than 
sinter deposits east of the topographic break. The modern 
springs are on the lower, eastern side of the break. 
Unconsolidated alluvium and wind-blown deposits. 
Unconsolidated medium- to coarse-grained sands occur in 
dune-like features west and south of Borax Lake. The dunes 
are composed of lithic-rich sands and are up to 2 m high. 
Each dune is isolated from others by areas underlain by 
fine-grained sediments. Sage, bitter brush, and grasses 
grow on most of the dunes suggesting that they are largely 
inactive. 
MICKEY SPRINGS 
Surf ace Features 
The geology of Mickey Springs is presented in Figure 8. 
The hot springs occur within a structural basin bounded by 
steep slopes cut into Steens Basalt on the west and east. 
The northeast-striking valley opens to the southwest into a 
broad depression that merges southward into the Alvord 
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Figure 8. Geology of Mickey Springs thermal area. 
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Desert and is separated from Mickey Basin to the northeast 
by a ridge of basalt and sediment. The hot springs occur on 
the east flank of a topographic high that is underlain by 
silica-cemented sandstone to conglomeratic sandstone. This 
high bounds the southwestern margin of a small depression 
that lies in the eastern half of the northeast-striking 
valley (Figure 8). Thermal features include active hot 
springs and pools, sinter mounds and craters, steaming 
ground and fumaroles. 
Lithology 
Cummings and St. John (1993) mapped four lithologic 
units that compose the Quaternary stratigraphy of the area. 
These include 1) lithic sandstones to conglomerate, 2) 
silica sinter, 3) unconsolidated bedded silts and clays, 4) 
well-rounded unconsolidated conglomerate, and 5) 
unconsolidated colluvium and alluvium. The distribution of 
these stratigraphic units is shown in Figure 8. 
Coarse- to fine-grained lithic sandstone and 
conglomerate. A small escarpment occurs immediately west of 
Mickey Springs; it is composed of silica cemented, coarse-
to fine-grained lithic sandstones and conglomerates . 
Similar, but generally finer grained sandstones occur east 
of this escarpment among the sinter terraces of the hot 
spring area. Petrographic analysis of these sandstones and 
conglomerates revealed variously textured basalt clasts, 
sparse plagioclase grains derived from phenocrysts in the 
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basalt, and, rare rhyolite and andesite clasts (Cummings and 
St. John, 1993). 
Sedimentary structures include cross bedding and 
current ripple marks. Immediately west of the active hot 
spring area, top-set, fore-set, and bottom-set beds are 
prominent. The fore-set beds are up to 1.8 m thick. 
Current ripple marks occur in moderately silicified, medium-
grained sandstone. Scour and fill cross sets in the same 
general area (Figure 8) contain masses of partially 
permineralized wood chips and stem fragments. 
The sandstones and gravels contain f luvial cross 
bedding, and, in the immediate vicinity of the springs, they 
possess bedding characteristics typical of a Guilbert delta. 
Cummings and St. John (1993) observed a high percentage of 
silica matrix relative to framework grains for the 
silicified sandstones, which is consistent with 
sedimentation while hot springs were actively depositing 
silica sinter. Uranium series disequilibrium age dating 
yielded an age of 16,000 yr.b.p. for sinter interbedded with 
sandstone (Cummings and St. John, 1993). 
Sandstone also occurs locally in the area of silica 
sinter deposits. Sand grains are common in dense sinter 
deposits in the northwestern part of the sinter area. The 
sandstone unit has not been observed east of Mickey Springs. 
Cummings and St. John (1993) place this coarse-grained unit 
stratigraphically below the fine-grained lacustrine 
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sediments. 
Cummings and St. John (1993) infer that the sandstones 
and gravels, fine-grained lacustrine sediments, and well-
rounded cobble and pebble deposits are juxtaposed across a 
northeast-striking fault with estimated strike of N 40° E 
(Figure 8). They infer that this structure is the conduit 
for thermal waters at Mickey Springs. This fault occurs 
southeast of a fault of similar orientation located by Hook 
(1981). 
Silica sinter. Silica sinter deposits are prominent at 
Mickey Springs although the active hot springs are not 
depositing silica sinter. 
Cummings and St. John (1993) note the following 
morphologies for sinters at Mickey Springs. The sinter 
deposits form shield-shaped mounds that are constructed 
directly on fine-grained sand and sandstone. Qua quaversal 
dips from the crest of a deposit occur in thinly bedded to 
laminated, porous to dense silica sinter. The craters, 
forming the apex of the shield-shaped mounds, range in 
diameter from 1.8 to 9.0 m and are surrounded by aprons of 
steeply inward dipping porous to dense, laminated to thinly 
bedded pool-edge silica sinter. In most cases, the craters 
are infilled by younger sediment. However, in one case, the 
pit is at least 3.6 m deep and the relation of the sinter to 
underlying sediment is well exposed. The sinter is 1.5 m 
thick and directly overlies unconsolidated, lithic-rich, 
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medium-to very fine-grained sand. The friable sand is 
directly overlain by wavy bedded sinter. Root casts in the 
sand are lined with silica and form elongate hollow tubes 
that are up to 7.6 cm long. 
The sinter is composed of opal-A, amorphous silica 
(Cummings and St. John, 1993). In addition to opal-A, the 
sinter contains trace amounts of quartz and feldspar, and 
trace amounts of boracite. Cummings and St. John (1993) 
inf er that the quartz and feldspar were probably introduced 
into the depositing sinter as wind-blown dust. 
Fine-grained sedimentary deposits. Cummings and St. 
John (1993) mapped fine-grained elastic sediments east, 
north, and west of the hot spring area (Figure 8). The 
sediments consist of uncemented, planar bedded, silt and 
clay with fine-grained sand. The sediments are exposed in 
the banks of ephemeral streams in sections that are up to 6 
m thick. The sections consist of alternating pale gray or 
light brown, planar to slightly wavy, laminated to thin 
bedded beds. From 50 to 80 beds occur per 10 cm of 
thickness. The fine-grained sediments directly onlap basalt 
flows in the northwestern part of the study area and are 
overlain by unconsolidated, well-rounded cobbles in the east 
and southeastern portions of the study area. To the north, 
the sediments are poorly exposed, but their presence is by 
soil color. The elevation over which the deposits occur is 
from approximately 1,246 to 1,274 m. 
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Similar sediments, but of silt to very fine sand sizes 
occur in small ravines west of Mickey Springs (Figure 8). 
The deposits are thin bedded and contain alternating very 
fine-grained basalt sand and light tan to brown silt. 
Bedding planes are planar to faintly wavy. These deposits 
occur to an elevation of at least 1,171 m. The lowest 
exposures are at approximately 1,156 m feet where they are 
covered by alluvium. 
Cummings and St. John (1993) infer that these deposits 
are glacial flour that was deposited in glacial Lake Alvord. 
Well-rounded cobbles. Uncemented, well rounded, often 
flattened cobbles occur at elevations above 1,262 m north of 
Mickey Springs and 1,274 m southeast of the springs (Figure 
8). Float derived from these levels occurs at lower 
elevations. The thickness of deposits varies from place to 
place and may be generally 1 to 2 m thick. The cobbles 
include a wide range of lithologic types including several 
textural types of basalt, rhyolite, rhyolite ash-flow tuff, 
and plutonic rocks. Cummings and St. John (1993) infer that 
these deposits represent old shorelines or beaches of 
glacial Lake Alvord. 
Angular colluvium. Angular basalt colluvium occurs at 
the base of the steep slopes that bound the basin (Figure 
8). In addition, blocks up to 0.9 min diameter occur far 
out into the basin where they directly overlie all 
stratigraphic units. 
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Wind-blown sand. Wind-blown sand occurs on the eastern 
slopes of rises and, like basalt colluvium, often covers key 
stratigraphic relations (Figure 9). The wind blown deposits 
are also locally present in the depression east of Mickey 
Springs. 
Alluvium. Alluvial deposits are present along 
intermittent streams that drain into the basin from the 
eastern side of the valley (Figure 8). These deposits merge 
with playa deposits over the floor of the depression east of 
the hot spring area (Figure 8) and cover the fine-grained 
sediments in this area. Playa deposits also form the valley 
floor southwest of the hot springs in the northeastern end 
of the Alvord Valley. 
Cununings and St. John (1993) note that the 
geomorphology of the Mickey Springs area is dominated by 
fault-block mountains, Pleistocene lake terraces and 
deposits, prograding alluvial and colluvial deposits, and 
low areas generated by wind deflation. 
ALVORD HOT SPRINGS 
Surf ace Features 
Thermal features at Alvord Hot Springs consist of a NE-
striking zone of seeps located at the base of Steens 
Mountain on the west side of the Alvord Desert. The springs 
are aligned along a N 21 E trend and discharge flows to the 
east down a gentle slope to the Alvord Desert. 
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Lithology 
Cummings and St. John (1993) mapped four lithologies in 
the vicinity of the springs: Rhyolite, silica sinter 
deposits, fine-grained sediment, and unconsolidated alluvium 
(Figure 9). 
Rhyolite. Immediately west of the hot springs are 
outcrops of fractured and veined rhyolite of the Pike Creek 
Formation previously mapped by Hook (1981) and Minor and 
others, ( 1987c). 
Silica sinter deposits. Silica sinter deposits are 
very poorly exposed at Alvord Hot Springs. The sinter is 
exposed where dug into by road maintenance equipment along 
the east shoulder of the road that passes between the hot 
springs and outcrops of rhyolite. The sinter is massive, 
medium gray, and contains few fossil plant materials. 
Because of the limited exposure and outcrop disruption due 
to road maintenance, the geometry and extent of the deposits 
are not known. 
Mineralogical determination by XRD indicates that the 
sinter is composed primarily of opal-A, but detrital grains 
of quartz and feldspar compose up to 5 percent of the sinter 
(Cummings and St. John, 1983). Trace concentrations of 
cristobalite, boracite, and possibly calcite are also 
present. 
Fine-grained sediment. The immediate discharge area of 
the hot springs is composed of poorly exposed, interbedded 
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sand, silt and clay. These materials are believed to 
underlie the slope that extends from the hot springs to the 
level of Alvord Desert where playa sediments are dominant . 
These sediments have been previously mapped as lacustrine 
sediments deposited in glacial Lake Alvord (Minor and 
others, 1987c and Hemphill-Haley et al., 1989). 
The hot springs dicharge from along the Alvord fault 
(Hemphill-Haley et al., 1989) where it separates 
intermediate aged lake deposits (Qld2) from thermal spring 
deposits (Qts). 
The fine-grained sediments are interpreted to be an 
erosional remnant of the lacustrine sediments that were 
deposited in glacial Lake Alvord (Hemphill-Haley et al. 
(1989). The bulk of these sediments have been subsequently 
removed by wind erosion during the development of the Alvord 
Desert. The gentle sloping, fan shaped feature away from 
the hot springs may be fine-grained lacustrine sediments 
that have been stabilized from wind erosion by the water 
discharged from the hot springs (Cummings and St. John, 
1993). 
Unconsolidated alluvium. Unconsolidated alluvium is 
not abundant in the immediate area around Alvord Hot 
Springs. Large alluvial fans prograde from the mouths of 
Pike Creek and Alvord Creek north of Alvord Hot Springs 
(Figure 1). However, only small fans have developed at the 
mouths of streams that drain into the Alvord Desert 
54 
immediately north and south of the hot springs. 
STRUCTURAL CONTROLS ON THE LOCATION OF HOT SPRINGS 
A number of geophysical, heat flow, and geologic 
studies have been performed to investigate the relationship 
of hot springs to subsurface structure in Alvord basin. 
Griscom and Conradi (1975) performed detailed, continuous, 
magnetic and gravity profiles around Borax Lake, Alvord Hot 
Springs and Mickey Springs. An audiomagnetotelluric 
resistivity study was performed by Long and Gregory (1975). 
Gravity studies at Alvord Hot Springs and Borax Lake were 
performed by Cleary (1976) and seismic reflection surveys 
were conducted by Cleary (1976) and Anadarko Petroleum 
Corporation (unpublished Anadarko Petroleum Corporation 
reports cited by Blackwell and others, 1986). Heat flow 
studies were performed by Anadarko Petroleum Corporation in 
the vicinity of Borax Lake (Blackwell et al, 1986; 
Bodvarsson, 1991; Huntley, 1991). Varekamp and Buseck 
(1983) determined the relationship between shallow 
subsurface structure and the distribution of mercury at 
Mickey Springs. 
BORAX LAKE 
In the section on surface features, it is indicated 
that Borax Lake and hot springs north of the lake occur 
along an NlOE zone of faults that are most easily 
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interpreted as down to the east. The following geophysical 
studies examine these structures at depth. 
Griscom and Conradi (1975) performed detailed gravity 
and magnetic surveys at Borax Lake using a station spacing 
of 100 to 200 m. Small gravity highs (0.5 mgal) are 
associated with faults near Borax Lake. These anomalies are 
0.3 to 1.0 km wide. Griscom and Conradi (1975) infer that 
the small width and narrow marginal gradients of these 
anomalies are caused by density differences within 100 to 
200 m of the surface. They suggest that the highs are 
caused by partial cementation of the alluvium at the faults 
which increases the alluvium density by filling pore space 
with silica or calcium carbonate. 
A significant amount of magnetic "noise" is evident 
where the magnetic traverse crosses the faults near Borax 
Lake (Griscom and Conradi, 1975). These anomalies are 
produced by increased amounts of magnetic minerals relative 
to background contents in the alluvium. They infer that 
magnetic anomalies are caused by the minor amounts of 
magnetic minerals at depths of less than 66 m in the 
alluvium. Griscom and Conradi (1975) note that this zone of 
small magnetic anomalies is associated with the weak gravity 
anomalies. They suggest that the association of magnetic 
anomalies with gravity anomalies may indicate that chemical 
reactions involving "hot saline waters" have generated 
increased amounts of magnetic minerals near the faults in 
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the weakly magnetic alluvium. 
Long and Gregory (1975) delineated a small resistivity 
minimum surrounding Borax Lake in an audiomagnetotelluric 
resistivity study. The minimum surrounding the hot springs 
occurs throughout the frequency spectra at both shallow and 
extreme depths. The anomaly broadens and centers on surface 
hot springs at the higher end of the frequency spectrum 
(i.e., shallower probing). 
The anomaly surrounding Borax Lake shows some 
displacement toward the valley-bounding faults at lower 
frequencies (i.e., deeper probing) and a decrease in the 
size of the anomaly. Long and Gregory (1975) suggest that 
the anomaly may indicate that thermal water exits the range-
front fault in a limited area at depth and migrates down the 
hydrologic dip toward the center of the basin, where it 
appears as a zone of scattered hot springs. 
Cleary (1976) performed east-west and north-south, 
widely spaced (distance between stations was 0.8 to 1.6 km) 
gravity surveys to define the subsurface structure of the 
valley between Alvord Hot Springs and Borax Lake. He noted 
that the structural configuration near Borax Lake is more 
complicated. A buried NNE trending horst block is indicated 
on the profile for the survey conducted approximately 3 km 
south of Borax Lake. The eastern margin of this horst block 
is projected northward and is inferred to coincide with the 
group of hot springs north of Borax Lake (Cleary, 1976). A 
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north-south profile across Borax Lake and the springs north 
of Borax Lake anomaly shows an anomaly directly under Borax 
Lake and the associated hot springs to the north. Cleary 
(1976) infers that a fault with moderate displacement (100-
200 m) occurs under the springs. 
Both gravity and seismic reflection surveys (Cleary, 
1976; unpublished Anadarko Petroleum Corporation reports 
cited in Blackwell and others, 1986) indicate that a buried 
north-northeast trending horst block exists beneath the area 
southwest of Borax Lake and the springs north of Borax Lake. 
Blackwell and others (1986} noted that the horst block 
became narrower to the north of Borax Lake, and that it may 
not be present north of the south end of Alvord Lake (Figure 
1). The location of the NNE-trending fault that bounds the 
eastern margin of this intrabasinal horst block was inferred 
to coincide with the hot springs at Borax Lake (Cleary, 
1976}. However, after reprocessing of seismic data 
collected by Anadarko Petroleum Corporation, Robert Edmiston 
concludes that the hot springs north of Borax Lake and Borax 
Lake are not associated with the fault which bounds the 
eastern side of the horst block south of Borax Lake, but 
with a separate high-angle NNE-trending fault which 
parallels the NNE-trending horst south and west of Borax 
Lake (Robert . Edmiston, written communication, 1991). 
Presently, the subsurface relationship of these two faults 
is unknown. 
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Heat flow data (unpublished contour heat flow maps of 
the Borax Lake area cited in Bodvarsson, 1991, 1992 and 
Huntley, 1991, 1992) delineate upflow zones for the Borax 
Lake geothermal reservoir. Bodvarsson (1991) notes that 
heat flow data indicate two maximum heat flow anomalies, one 
close to Borax Lake and the other close to the location of 
Anadarko Petroleum Corporation ' s observation well 25-22A 
(Figure 7). These two heat flow anomalies indicate two main 
upf low zones, where fluids upwell from depth, disperse in 
shallow regions and discharge through shallow surface 
manifestations (e.g. Borax Lake and the springs north of 
Borax Lake), or mix with shallow groundwater (Bodvarsson, 
1991). Huntley (1991) argued that the above conclusions 
regarding the two maximum heat flow anomalies "appear to be 
influenced by hot springs near Borax Lake and by well 25-
22A, both of which represent conduits carrying hot water to 
the surface" (Huntley, 1992). Bodvarsson (1992) countered 
that the heat flow contour maps were based on data collected 
prior to the drilling of well 25-22A and the two main upflow 
zones remain even if the hot springs are removed. 
Presently, the hydrologic connection between the two upflow 
zones, if any, is unknown. 
MICKEY SPRINGS 
In the section on surf ace features, a N40°E-striking 
fault is interpreted to control the location of the hot 
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springs at Mickey Springs. 
Varekamp and Buseck (1983) determined the relation 
between shallow subsurface geologic structure of the Mickey 
Springs thermal area and the observed Hg anomalies in the 
vicinity of Mickey Springs. Hook (1981) located Mickey 
Springs at the intersection of a N-S-striking dike swarm and 
some transverse NE-striking range front faults. Peak Hg 
values were encountered around the hot springs and in a 
northeast-southwest branch, which lacks surf icial expression 
(Varekamp and Buseck, 1983). Varekamp and Buseck (1983) 
interpreted the northeast-southwest branch in the anomaly 
pattern as a result of vapor leakage along a buried fault 
that serves as a conduit for hot water from deep levels. 
The audio-telluric pattern also shows an elongated zone with 
similar orientation (Brown and Peterson, 1980). 
The following geophysical data are available for this 
site. Griscom and Conradi (1975) identified a small gravity 
low with a residual amplitude of -1.4 mgal at Mickey 
Springs. Griscom and Conradi (1975) note that the low 
suggests a small basin (depth of 75 m) of alluvium, down-
faul ted at the hot springs. Alternatively, they note that 
the gravity minimum may be due to different types of 
volcanic bedrock with slightly differing densities that have 
been juxtaposed by faulting. 
The audiomagnetotelluric resistivity study of Long and 
Gregory (1975) also delineates a resistivity minimum at 
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Mickey Springs. The minimum occurs throughout the frequency 
spectra at both shallow and extreme depths. The anomaly 
broadens and centers on surf ace hot springs at the higher 
end of the frequency spectrum (i.e, shallower probing). 
The anomaly at Mickey Springs shifts very little, and 
does not broaden at higher frequencies. Long and Gregory 
(1975) conclude that this anomaly suggests a direct path to 
the surface for ascending thermal waters and possibly a 
shallow depth to the source of fluids. 
ALVORD HOT SPRINGS 
In the section on surface features, the springs at 
Alvord Hot Springs are indicated to align along a N 21 E 
trend. The sinter deposits at the site occur at a slightly 
higher elevation and immediately to the west of the modern 
discharge points. The following geophysical data are 
available for the Alvord Hot Springs. 
Griscom and Conradi (1975) found that the Alvord Hot 
Springs are associated with a steep gravity gradient and 
located a major, controlling fault on gravity profiles at 
the steepest gradient (inflection point). Structural models 
by Cleary (1976) based on gravity measurements indicate that 
the hot springs are located directly above the western 
valley-bounding normal fault. 
The audiomagnetotelluric resistivity study performed by 
Long and Gregory (1975) delineates a large resistivity 
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minimum surrounding Alvord Desert. Long and Gregory (1975) 
suggest that the anomaly surrounding Alvord Desert results 
from highly conductive layers of evaporite-rich sediments 
and saline waters buried beneath the playa floor. In 
addition, they infer that this anomaly masks any anomaly 
associated with Alvord Hot Springs. 
Hemphill-Haley et al. (1989) exposed the Alvord fault 
in a trench approximately 0.5 km north of the hot springs. 
The fault is a high-angle normal fault that dips 72° E and 
contains several strands within a zone about 2 m wide. 
GEOTHERMAL RESERVOIR CONDITIONS 
The conditions within the geothermal reservoir for the 
three thermal areas were investigated through the use of 
chemical and isotopic methods. These methods assess the 
recharge and age of the geothermal fluids, the host rock of 
the reservoir, and the temperature of reservoir fluids, and 
provide basic constraints on models for the geothermal 
systems in the Alvord basin. 
CHEMISTRY OF NON-THERMAL AND THERMAL WATERS 
The chemical constituents in thermal and non-thermal 
waters are derived primarily from the country rock by 
dissolution of, or exchange with, the rock-forming minerals 
(Ellis and Mahon, 1964; 1967). If the fluid and the rock 
have equilibrated in the reservoir, the chemical composition 
of the fluid contains a record of the conditions of 
equilibrium. If during ascent to the surface, the fluid is 
not strongly modified by boiling or mixing, this composition 
maintains the signature of the reservoir conditions. The 
reservoir conditions are estimated from the elemental and 
isotopic composition of the thermal water. 
The general chemical characteristics of the thermal and 
non-thermal waters in the Alvord Valley KGRA are similar 
(Table III and IV); they can be classified as Ca- or Na-HC03 
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waters. Mariner et al. (1983) note that dilute Ca- or Na-
HC03 waters develop in areas where the rock contains 
appreciable sodium silicate or sodium aluminosilicate 
minerals, such as plagioclase feldspar and volcanic glasses, 
and C02 is available. A possible reaction includes 
Na-Ca- mineral + C02 + H20 = Na· + HC03- + H mineral. 
Temporal Variations in Water Chemistry 
Seasonal variations in fluid chemistry for thermal and 
non-thermal waters are minor (Figures 10 and 11). The cold 
water in the Thomas well has the highest bicarbonate and 
potassium contents. Sulfate concentrations decreased in 
Alvord Ranch spring water over time. Sodium, bicarbonate 
and fluoride concentrations exhibit the greatest seasonal 
variations in fluids from Borax Lake and the springs north 
of Borax Lake. Fluoride concentrations in thermal springs 
are lower in the winter months and higher in the summer 
months at Borax Lake, springs north of Borax Lake and Mickey 
Springs. Sodium concentrations decreased over time in the 
thermal springs and remained relatively constant in the cold 
springs and wells. Potassium, calcium, magnesium, boron and 
lithium remained relatively constant in the thermal springs 
during the sampling period. 
Chloride concentrations remain relatively constant for 
cold waters and thermal waters. White (1970) argued that 
variations in chloride content greater than 10 percent 
suggest mixing of thermal water with cold water springs and 
TABLE III 
CHEMICAL COMPOSITION OF COLD WATER SPRINGS AND WELLS 
IN THE ALVORD BASIN 
jspmg Date pH T 'C 0te1ie1I CDnstaunts Dinolwd Elellentll Rltios 
Na K Ce Ilg SI Bl Cl 8 Li f so, C01 ~ SD2 8/CI HCOJC' SOJCI 
9'Hl17 Ssll ~gs of B. 12/d1 7.64 6-8 00 12 13 0.1 0.(1!7 OJ~l 24 15 0.()14 0.8 41 113 51 0.00 5 2 
~ Klllzwl (52m) 12/d1 7.ll'J 16-0 «l 2.4 6.8 t7 O.~ <0.11'2 11 0.5 <6.0'1 0.3 18 'r29 87 0.(6 't! 2 
frt-W74 Klllz wl (52 m) OW2 8.21 17.3 39 19 8.3 14 11 0.3 0.6t! 0.18 ~9 m.3 65 0.00 't! 1 
92-W172 Kurtz w1 (52 m) • 8.31 15.G 38 2.1 M 12 10 0.31 <0.01 0.31 11.7 't!7.4 67 o.m 13 2 
9'H11272 Klitz wl (52 m) • 8.17 15.6 43 2.4 7.7 16 11 0.3! <0.01 0.2 '1.5 131.3 69 0.00 't! 2 
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9'J-Wr.l Nm A:h('P9) 12/d1 6.79 8.3 5 1 5.9 2.8 0.011 <0.02 0.4 0. 17 <QOl <Q 1 0.9 4.1.4 l) 0.4.1 u 2 
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91-+¥76 ..IJiold Wei 12 ~ 12.5 56 4.9 7.8 0.91 5.4 O.«l 0.017 0.6 0.5 179 0.00 33 0 
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91-¥1"111 lhllnedtpgNUS ~ 8.81 15.1 310 't! 2.7 18 'OJ 4.9 0.006 5.5 85 509 o.re 5 1 
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Loclliln DttepH 1•c NI K 
-
·- . 
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91..1#113 Boric Liii (2') *' 7.311 35 4IM) 27 
91..1#112 Boric l• (91i *' 7.00I 35.9 410 24 
ll'l-W1 Boric ~-&lore 1201 7.181 21.7 300 23 
92-'IW Boric lall(W) 1201 7.14' 80-! 350 21 
92-1/t"J Boric ~S) 12191 7.37* 12.7 380 24 
9'l-W4 Boric lil(93) 1a&1 711 95 .QI 23 
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~ llofa:llll(92') • 1J!P 41-11 (!!) 25 
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-· 
- -
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TABLE IV 
CHEMICAL COMPOSITION OF THERMAL WATER 
IN THE ALVORD BASIN 
Dismhtd Emmi Rims I 
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Gl 5 0.01 
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wells. Table V presents the changes in chloride content 
over time for cold and thermal water sites in the Alvord 
basin. The relatively small changes in chloride content 
during the sampling period suggest mixing of fluids of 
different compositions and temperatures is not a dominant 
process in the Alvord basin fluids, except in the Alvord 
Ranch spring and well. 
69 
Chemical variations in thermal fluids sampled from 1953 
to the present (Appendix, Table XIV) are minor. The 
concentrations of major and minor constituents remained 
relatively constant for each spring over the last 40 years. 
Chemistry of Non-thermal Waters 
The chemistry of the non-thermal water is presented on 
a Schoeller diagram (Figure 12) in which, for each sample, a 
line connects points calculated as the log10 of the 
concentration of each constituent. Where the lines 
connecting points for two samples are parallel, the 
constituents have the same ratio in the two samples. 
Non-thermal waters in the Alvord basin are generally 
more dilute than thermal waters (Tables III and IV). The 
dominant cation is Na. The unnamed spring north of Mickey 
Springs and the Thomas well have the highest concentration 
of Na, HC03, Cl and 504 of all the cold springs sampled. 
Magnesium concentrations are higher in the Kurtz well and 
the Thomas well than in other cold waters. Water from the 
Thomas well and an unnamed spring in Mickey Basin are more 
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TABLE V 
SKASONAL VARIATIONS IN CHLORIDE CONCENTRATIONS 
IN COLD WATER SPRINGS AND WELLS AND 
THERMAL SPRINGS IN THE ALVORD BASIN 
Date Cl i change 
Thermal Springs 
91-\173 Borax Lake(96.4') 06/91 270 
91-\1113 Borax Lake (2') 09/91 270 0 
91-\1112 Borax Lake (91') 09/91 250 7 
92-Wl Borax Lake-Shore 12/91 240 4 
92-\12 Borax Lake(94') 12/91 240 0 
92-\13 Borax Lake(45') 12/91 240 0 
92-\14 Borax Lake ( 93 • ) 12/91 240 0 
92-\15 Borax Lake(Surface 12/91 240 0 
92-\173 Borax Lake(92') 03/92 244 2 
92-\1173.Borax Lake(92') 06/92 232 5 
92-\1265 Borax lake(95') 09/92 250 7 
91-\174 Spr N of BL 06/91 230 8 
91-WllO Spr N of BL 09/91 240 4 
92-\16 Spr N of BL 12/91 230 4 
92-\180 Spr N of BL 03/92 263 13 
92-\1171 Spr N of BL 06/92 224 15 
92-\1266 Spr N of BL 09/92 250 10 
91-\177 Alvord HS 06/91 850 
91-\1105 Alvord HS 09/91 790 7 
92-\114 Alvord HS 12/91 780 1 
92-\175 Alvord HS 03/92 758 3 
92-\1169 Alvord HS 06/92 754 1 
92-\1268 Alvord HS 09/92 800 6 
91-\179 Mickey Springs 06/91 220 
91-\1104 Mickey Springs 09/91 210 5 
92-Wll Mickey Springs 12/91 220 5 
92-W78 Mickey Springs 03/92 217 1 
92-\1167 Mickey Springs 06/92 209 4 
92-\1269 Mickey Springs 09/92 220 5 
Warm Springs 
92-\17 Flowing Well NE BL 12/91 220 
92-W267 Flowing Well NE BL 09/92 230 4 
Cold Water 
92-W8 Kurtz Well 12/91 11 
92-W74 Kurtz Well 03/92 11 0 
92-Wl74 Kurtz Well 06/92 10 9 
92-W272 Kurtz Well 09/92 ll 9 
91-Wl07 Thomas well 09/91 12 
92-Wl4 Thomas well 12/91 12 0 
92-W76 Thomas well 03/92 12.4 3 
92-Wl70 Thomas well 06/92 12.2 2 
92-W271 Thomas well 09/92 12.5 2 
91-W75 Alvord Reh (spg) 06/91 0.3 
91-Wl06 Alvord Reh (spg) 09/91 1.6 80 
92-Wl2 Alvord Reh (spg) 12/91 0.4 75 
92-W79 Alvord Reh (well) 03/92 0.8 50 
92-Wl68 Alvord Reh (well) 06/92 1.1 24 
92-W270 Alvord Reh (well) 09/92 0.6 43 
91-Wlll Spg N MS 09/91 100 
92-W9 Spg H MS 12/91 90 10 
92-W77 Spg N MS 03/92 93 3 
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Figure 12. Schoeller diagram for cold water 
chemistry. 
71 
B 
72 
concentrated in Na, Cl and HC03 than other cold waters. 
However, it must be noted that the unnamed spring in Mickey 
Basin is a watering hole for cattle and cattle activities 
may have led to elevated Na, Cl and HC03 concentrations. 
Chloride concentrations are also elevated in water from salt 
springs south of Borax Lake (24 mg/l), Thomas well (12 -
12.S mg/ l), and the Kurtz well (9.9 -11 mg/l). 
Mifflan (1988) notes that groundwater in the Great 
Basin generally begins as a CaMgNa-HC03 type in recharge 
areas, and its chemistry evolves along the flowpaths as a 
function of the lithologies encountered. In the Alvord 
basin, the chemistry of water begins as a dilute Ca- or Na-
HCOJ in the Steens Mountain fault block as a function of 
interaction with the extensive section of Tertiary volcanics 
(e.g. Alvord Ranch spring and well, spring at Jimts place, 
Kueny Ranch well and spring and McDade place). Typically, 
along the longer flowpaths in most types of rocks, including 
the basin fill, S04 and Cl ions tend to increase in relative 
concentrations (Mifflan, 1988). The Kurtz well, Corral 
spring and unnamed spring north of Mickey Springs have 
increased concentrations of S04 and Cl relative to other 
cold springs and wells in the Alvord basin indicating 
increased fluid-rock interaction and longer flowpaths. Base 
exchange is common in basin sediments, with Ca and Mg 
concentrations decreasing, and Na and K ions increasing 
along flowpaths (Mifflan, 1988). Sodium and potassium are 
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the dominant cations in water from Corral spring, the Thomas 
well and the unnamed spring north of Mickey Springs 
indicating increased interaction with basinal sediments. 
The hydrogeochemical program PCWATEQ is employed to 
determine the degree of saturation of cold waters with 
various mineral phases. Alvord Ranch well and spring waters 
are oversaturated with respect to silica phases. Kurtz well 
waters are oversaturated with respect to silica phases and 
calcite. Thomas place well waters are oversaturated with 
respect to silica phases, Mg-silicates and calcite 
(Appendix, Table XV). 
Concentrations of trace elements such as Li, Cl, B, and 
F are determined by the total leachable concentrations of 
these elements in the rocks through which fluids circulate. 
Ratios among these elements are usually not affected by 
dilution and lower temperature reactions (White, 1965; 
Ellis, 1970; Truesdell, 1976). These elements behave 
conservatively in mixing and fluid-rock interactions. Thus, 
B/Cl ratios give strong indications of the type of rocks 
with which the water has equilibrated. 
The B/Cl ratios for non-thermal waters in the Alvord 
basin range from 0.01 to 0.43. Goff el al. (1987) note that 
ratios of >0.1 generally indicate interactions with 
sedimentary rocks whereas ratios between 0.01 and 0.1 
commonly indicate interaction with volcanic rocks. The B/Cl 
ratios for some of the Alvord basin waters indicate 
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interactions with volcanic or volcaniclastic rocks (e.g. 
Kurtz well, Kueny Ranch, Corral spring and an unnamed spring 
in Mickey Basin, Scoubes Creek, and Indian Creek). However, 
other non-thermal waters indicate interaction with sediments 
or sedimentary rocks (e.g. Alvord Ranch well and Thomas 
well). 
Chemistry of Thermal Waters 
The chemistry of the thermal water is presented on a 
Schoeller diagram (Figure 13) in which, for each sample, a 
line connects points calculated as the log10 of the 
concentration of each constituent. Where the lines 
connecting points for two samples are parallel, the 
constituents have the same ratio in the two samples. While 
ratios are generally similar for all thermal fluids, 
differences are apparent for fluids from Alvord Hot Springs. 
Ratios are nearly identical for Borax Lake, the hot springs 
north of Borax Lake and the flowing well northeast of Borax 
Lake; the waters have virtually identical chemical 
compositions and are clearly derived from the same parent 
water. 
Thermal waters in the Alvord basin are classified as 
Na-HC03 waters with significant amounts of S04 and Cl. An 
initial classification of the waters is carried out on the 
basis of their major anions, Cl, SO, and HC03 (Figure 14). 
The dominant anion for Mickey Springs fluids is HC03, 
therefore, they plot close to the HC03 corner. Fluids from 
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Figure 13. Schoeller diagram of thermal water 
chemistry. 
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Figure 14. Relative Cl, S04 and HC03 contents of 
thermal fluids on a weight basis (mg/kg). 
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Borax Lake have similar so., HC03 and Cl contents and thus 
plot close to the center of the diagram. While fluids from 
the springs north of Borax Lake and the flowing well 
northeast of Borax Lake are similar to Borax Lake, they 
contain less Cl. Fluids from Alvord Hot Springs are 
dominated by HC03 and Cl with minor so.. The most 
concentrated waters occur at Alvord Hot Springs where the 
highest concentrations of Na, K, Mg, HC~, Cl, B and Li were 
recorded (Table IV). The composition of thermal waters from 
Borax Lake, the hot springs north of Borax Lake and the 
flowing well northeast of Borax Lake is similar; fluids 
possess nearly identical concentrations of K, Ca, Cl, so., 
HC03, B, and Li. While Mickey Springs waters have the 
highest concentrations of F and dissolved silica, they 
contain the lowest concentrations of Mg and Ca. 
Chloride correlates well with Li and B (Figure 15). 
These correlations could result from either the modification 
of cold recharge water by fluid-rock interactions at high 
temperatures, longer flow-paths, boiling and evaporation, or 
mixing of thermal water with a cold water containing high Cl 
and low F and B. Small variations in chloride 
concentrations over time argue against mixing of thermal 
water with cold water during the sampling period. 
The fluoride concentrations vary greatly and are not 
closely correlated with concentrations of more stable ions 
such as chloride (Figure 15). Thermal fluids from Alvord 
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Figure 15. Plots of B, F, and Li vs. Cl for 
thermal and non-thermal waters from Alvord Basin 
Chloride (mg/L) 
Hot Springs possess the highest concentrations of B, Cl, F 
and Li of all the thermal waters and a linear trend from 
cold water to Alvord Hot Springs water is observed on all 
plots. 
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The thermal springs in the three areas studied possess 
similar B/Cl ratios (0.03 to 0.07). The B/Cl ratios for the 
Alvord basin thermal areas are consistent with volcanic or 
volcaniclastic reservoirs. In addition, the B/Cl ratios for 
Borax Lake, the hot springs north of Borax Lake, and the 
warm flowing well northeast of Borax Lake are nearly 
constant at 0.05-0.06. Constant ratios of conservative 
elements indicate a common reservoir source for these 
fluids. 
Another conservative element ratio in hydrothermal 
solutions, Li/Cs, remains close to that of the rock with 
which the fluid equilibrated. In addition, Li/Cs ratios are 
a function of rock type. Taylor (1974) notes that this 
ratio is lower in rhyolitic rocks as compared to basalts. 
Table XIV contains geochemical data for the Borax Lake 
thermal area for the period from 1953 to 1989. Lithium and 
Cs concentrations are available for Borax Lake and some of 
the springs north of Borax Lake for this period. Calculated 
Li/Cs ratios range from 2.5 to 6.5. These low ratios are 
similar to ratios for rhyolite or silicic tuff host rocks in 
other thermal systems in the world (e.g. Wairakei and White 
Island, New Zealand, Giggenbach and Goguel, 1989b; 
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Platanares, Honduras, Goff et al., 1987). These low ratios 
may indicate that the reservoir source for Borax Lake 
thermal area fluids is the silicic ignimbrite and rhyolite 
flows overlying the Steens Basalt or the rhyolite flows and 
tuffs of the Pike Creek Formation below the Steens Basalt. 
The program SOLMINEQ.88 (Kharaka et al, 1988) was used 
to calculate the saturation indices (log (IAP/K.p) for 
potential phases present in equilibrium with fluids in the 
Alvord basin thermal areas. These were calculated at 
measured temperatures and at chemical and isotopic 
geothermometer estimates. The calculations using the higher 
temperatures are believed to more closely approximate 
conditions in the deep thermal aquifer. Geochemical 
modeling indicates that thermal fluids are oversaturated 
with respect to silica phases, Mg-silicates and calcite 
(Appendix, Table XVI). 
LIGHT ISOTOPE GEOCHEMISTRY 
Light stable and radioactive isotopes provide 
information on the history and recharge of geothermal fluids 
and cold surface and ground water sources. The isotopes of 
0, H, and C were determined for fluids in this study. 
Oxygen and Deuterium 
Stable isotopes of water (D, H, 160, and 180) are used 
to identify recharge areas of geothermal systems and 
subsurface processes such as mixing and boiling in 
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geothermal reservoirs (Craig, 1961; Craig et al., 1956; 
Taylor, 1974; Truesdell and Hulston, 1980; Fournier and 
Hanshaw, 1986; Taylor and Stewart, 1987; Parry and Bowman, 
1990; Sorey et al., 1991). Thus, the recharge area of 
deeply circulating ground water may be indicated by a 
comparison of its isotopic composition with that of shallow 
ground water and directly collected precipitation from 
potential recharge areas. 
The 180/160 ratio of the water is subject to alteration 
by exchange with solid phases at high temperatures as 
determined by the 180/160 of exchangeable mineral oxygen, the 
rate and temperature of exchange, and fluid:rock mass ratio 
considerations. The D/H ratio does not change as readily 
because most minerals do not contain hydrogen and thus 
records the source of the water more reliably. For example, 
in meteoric- and seawater-hydrothermal systems, the oD 
values are often constant in spite of extensive mineral-
water reactions, while the oxygen isotope composition 
undergoes an " 180-shift" away from its initial value 
(Sheppard, 1986). In geothermal systems with a meteoric 
component, the oD values are similar to cold ground water 
and springs and the 6180 values are enriched, reflecting 
fluid-rock interactions at elevated temperatures. 
Normal meteoological and topographic effects cause 
variations in stable isotopes (Fontes, 1980). Isotopic 
values vary with latitude, wind patterns, distance inland 
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from the ocean, and elevation. Figure 16 illustrates this 
variation by showing contours of the approximate average 6D-
values of meteoric waters for North America (Taylor, 1974). 
The Alvord basin is located in the rain shadow of the 
Steens Mountain-Pueblo Mountains escarpment. The amount of 
local precipitation is strongly affected by the prevailing 
weather patterns. Prevailing weather patterns in the 
winter, when most precipitation occurs, often bring moisture 
from across northern California and over the Steen Mountain-
Pueblo Mountains escarpment. 
Figure 16. Map of North America showing contours 
of the approximate 6D values of meteoric surface 
waters (Taylor, 1974). 
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Thirty water samples were collected for 6D and 6 180 
isotopic analyses in the Alvord basin (Table VI) in order to 
determine recharge to the thermal areas and the seasonal 
variations in water isotope values. 
Surface and Groundwater. Shallow and locally derived 
ground water, cold springs, and streams are used to 
characterize the average isotopic composition of local 
meteoric water in the Alvord basin. The 6D and 6 110 values 
for cold surf ace and ground water are presented in Table VI 
and plotted in Figures 17 and 18. Cold springs, wells and 
streams plot on or close to the world meteoric line {Figure 
17). Local recharge water has an 6 180 value about 0. 5 ° I 00 
heavier than the world meteoric water line. Sheppard (1986) 
notes that meteoric waters that have not experienced 
extensive evaporation plot within a band up to .±. 1°/00 0180 of 
the meteoric water line. The oD values for local recharge 
waters vary between -131 ° I oo and -107 ° I oo, and the 6 180 
values between -17. 9 ° loo and -15 .1 ° loo. A snow sample 
collected on the west slope of Steens Mountain has the 
lowest deuterium content. This sample was collected at an 
elevation of approximately 2408 m. The low deuterium 
content implies the water originated at a higher elevation 
than fluids from the Alvord basin. The isotopically 
heaviest sample was collected during a small rain storm 
{December, 1991) on the floor of the Alvord basin. The 
isotopic value is heavier than any other sample collected in 
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this study and may represent evaporation during descent. 
The water from the Thomas well has the lowest deuteriwn 
content of all cold water samples collected in the Alvord 
basin. The low deuteriwn content indicates that water 
originated at a higher elevation on Steens Mountain than 
water from other sites. Assuming an isotopic gradient of 
180 of 0.3 0/00 /lOOm (Fontes, 1980), Thomas well water was 
generated at an elevation of approximately 7300 feet. In 
contrast, Alvord Ranch well water has the highest deuteriwn 
content, possibly suggesting recharge from a lower 
elevation. The range of isotopic composition for cold 
waters may reflect the differences in elevation where water 
released from snow melt and rainfall enter the ground water 
system or mixing relations among water of diverse, but of a 
relatively narrow isotopic range. 
Pore fluids from cores taken from Alvord Lake 
(Matthews, written communication, May, 1992) become more 
depleted in both 6180 and oD with depth. The oD values of 
pore fluids at depths from 4 to 5 m are similar to oD values 
for local recharge (Table VI, Core 89-1). Isotopic 
enrichment in fluids from depths less than 4 m suggest 
evaporative concentration and fluid-sediment interactions 
typical of closed basin pore fluid evolution (Eugster and 
Jones, 1979). In addition, the slope of the best-fit line 
for the range of isotopic compositions for these samples is 
approximately 2 to 3. Sheppard (1986) notes that 
TABLE VI 
STABLE- ISOTOPE COMPOSITION OF THERMAL AND NON- THERMAL WATER 
IN THE ALVORD BASIN 
SAMPLE 11 
Thermal springs 
HOR-70463 
HOR- 7 2693 
OR-73649 
HOR-70465 
BOR - 72690 
OR-73650 
BOR-70464 
ROR-72688 
OR - 73648 
HOR-70466 
BOR-72694 
OR - 7364 7 
Warm Springs 
ROR-72687 
OR-73651 
Surfac11 Water 
ROR - 70462 
ROR-72691 
OR-73653 
HOR-70468 
HOR-72692 
OR-73652 
BOR-70467 
ROR-71248 
ROR-72689 
OR-73654 
BOR-71249 
HOR-71250 
Precipitation 
HOR-70469 
BOR-71247 
DATE 
12/91 
06 / 92 
09/92 
12 / 91 
06/92 
09/92 
12/91 
06/92 
09/92 
12/91 
06/92 
09/92 
06/92 
09/9 2 
12/91 
06/92 
09 / 92 
12/91 
06/92 
09/92 
12/91 
03/92 
06/92 
09/9 2 
03 / 92 
0 3 /92 
1989 
1989 
12/91 
03/92 
Pore Water in Cor es f rom 
89-1 
89-2 
SITE 6D 
Borell Lake -117 
Bora.a: Lake -118 
Bores. Lake -120 
Hot Spr i ngs N of Borax -124 
Hot Springa N of Borax -119 
Bot Springe H of Borax -121 
Alvord Hot Springs -119 
Alvord. Bot Spring& -118 
Alvord Hot Springs -119 
Mickey Springs -12 4 
Mickey Springs -120 
Mickey Springe -121 
Plowing Well KE BL 
Flowing Well NE BL 
BLM Well 
BLM Well 
BLM Well 
-121 
-125 
- 120 
-117 
-117 
Thomas Place -131 -130** 
Thomas Place 
T hoinae Place 
Corral Spring 
Alvord Reh - Well 
Alvord Reh - lle l 1 
Alvord Reh 
-
Wal l 
Kueny Reh - Eatnmat 
Alvord Reh - Spring 
Indian Creek* 
Scoubea Creek• 
Pike Creek*** 
Trout Creek••• 
- 125 -12s•• 
-126 
- 121 
-116 
-107 -109** 
-114 
Sp -122 
- 118 
-117.7 
-108.4 
-115.3 
Saaple collect•~ -62 -63** 
near Alvord Bot Springe 
Snow sample collec t ed -134 - 133•• 
near Sharp ' s Cab i n, 
west slope, S t een ' s Mt. 
Al..-ord Lalle• 
Depth Inter'l'al (ca) 
from to 
444 4 5 6 -117:1 
2 5 4 0 - 8 1. 2 
130 145 - 88.4 
202 215 -96.5 
305 320 -94 . 6 - 104 . 7** 
390 405 -96.0 -97 . 6** 
470 485 - 106 . 5 
6 1 80-(R20 ) 
-13 . 7 
-14.7 -14 . 8** 
-13.9 
-14. 9 
- 15.4 - 1 5 .3** 
-14. 3 
-13.6 
-14. 1 
-13.2 -13 . l** 
-14 . 6 
-15.4 
-14.0 
-16 . 2 
-15 . l 
- 15 . 6 
-16.3 
-15.3 
-17. 3 
-17.9 
-16.6 
-15.8 
-15.5 
- 1 6 . 2 
-15. l 
- 15 . 9 - 16.1 * * 
-15.6 
-15.56 
-15.26 
- 14 . 05 
-15 . 50 
-8.l 
-18 . 5 - 18.3*• 
-13.43 
- 6 . 41 
-8.23 
- 9 . 34 -9 . 45•• 
-9.25 
-9.74 
- 11.6 
180- ( S04 ) 
-6.3 
-6 . 8 
-5. 2 
-3. 4 
Analyses from Jay Matthews , Department of Geology, Un i versity of Illinois at Urbana-Champaign 
Duplicate preparation and analyses. 
From Mariner et al . , 1983. 
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evaporative waters typically plot about a line with a slope 
of three. 
Variations exist between isotopic values obtained 
during the winter months and those obtained during the 
summer months for cold surface and ground water. Figure 18 
depicts seasonal isotopic variations for the cold waters 
from the Alvord basin. The Thomas well is consistently the 
most depleted isotopically while the Alvord Ranch well is 
the most enriched. The lowest 0 110 values for all samples 
occur in June. In December, cold water samples show 
relatively increased 6180 and decreased 6D. In September, 
cold water samples are relatively enriched in both oD and 
0180. 
It must be noted, however, that some of these 
variations in isotopic composition may be attributed to 
experimental error. Typical error bars for oD are + 1-2 and 
0180 are ±0.1-0.2. 
Geothermal Fluids. The oD and 0180 values for 
geothermal fluids from hot springs are listed in Table VI 
and plotted in Figure 17 and 19. The geothermal fluids plot 
to the right of the world meteoric water line. Thermal 
waters exhibit an approximate 2° / 00 180 enrichment. The 
values for oD and 0 180 vary between -124 °/00 and -118 °/00 , 
and -15.4 °/oo and -13.6 °/ooi respectively. 
Similar isotopic composition is apparent between cold-
and hot-water samples (Figure 17). The flowing well 
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northeast of Borax Lake does not exhibit an 6 180 shift, 
butplots near the world meteoric water line and in the 
cluster of points for cold water samples. Water from the 
flowing well northeast of Borax Lake appears to be heated 
local meteoric water that has not undergone extensive fluid-
rockinteractions. The thermal springs plot in a cluster 
within the same range of oD values as the cold surface and 
and ground water. The oD values of Borax Lake (-117 °/ 0 0 and 
-118 °/00 ) correspond very closely to the Kurtz well (-120 
0 /ao and -117 °/00 ) and Scoubes Creek (-118 °/ 0 0) (Table VI). 
Likewise, the oD values of Alvord Hot Springs (-119 °/ 00 
and -118 °/00 ) correspond closely with the Alvord Ranch well 
(-116 °/00 ) and Alvord Ranch spring (-118 °/00 ). These 
similarities indicate that recharge for thermal waters is 
meteoric; the same fluid source recharges cold surface, 
ground water, and thermal springs in the Alvord basin. 
Seasonal variations are apparent in the isotopic 
composition of thermal springs (Figure 19). Patterns of 
enrichment and depletion are similar for some thermal 
springs and cold surf ace and ground waters possibly 
reflecting shallow mixing processes. In general, thermal 
springs are the most depleted in 6180 in June and the most 
enriched in 6180 in September. While Mickey Springs and the 
springs north of Borax Lake exhibit similar seasonal 
isotopic enrichment and depletion trends to cold waters, 
Alvord Hot Springs and Borax Lake are different. Although 
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Alvord Hot Springs is most enriched in 0180 in September, 
the 6D content of fluids is relatively constant over time. 
Mickey Springs and the springs north of Borax Lake are more 
enriched in 60 values in September and June than in December 
(Table VI and Figure 19). Borax Lake and the flowing well 
northeast of Borax Lake, on the other hand, are more 
depleted in 6D values in September than in June or December. 
Tritium 
Tritium, a radioactive isotope of hydrogen, is useful 
in determining the average age of ground water because it 
has a half-life of 12.43 years and was produced in large 
quantities during the atmospheric nuclear tests of the 1950s 
and early 1960s (Fontes, 1980). As a result of these tests, 
peak levels of atmospheric tritium occurred in 1963, and 
levels have been decreasing steadily since that time. 
Several surf ace and groundwater systems have been 
investigated with the use of 3H (Yellowstone National Park 
by Pearson and Truesdell, 1978; Valles Caldera by Vuataz and 
Goff, 1986; Platanares, Honduras by Goff et al., 1987; and 
Mount St. Helens by Shevenell, 1990,1991). Tritium levels 
vary greatly by latitude; for example, in 1963 atmospheric 
tritium in the southwestern United States averaged 2,800 
tritium units (T.U.) (Vuataz and Goff, 1986), whereas in 
Portland, Oregon, it reached only 1,036 tritium units (T.U.) 
(Michael, 1989). In addition, tritium levels vary 
seasonally, with maximum values occurring during the summer 
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months. 
In order to estimate the ages of geothermal systems 
operating in the Alvord basin, the type of fluid mixing must 
be evaluated. The 3 H model to be discussed involves a 
procedure whereby limits are placed on groundwater mean 
residence times by calculating two end-member cases with 
known 3 H input to the system. According to Pearson and 
Truesdell (1978), two end-member models may be used to place 
limits on the mean residence time for groundwater: piston 
flow and perfect mixing. 
The piston-flow model yields the lower limit on fluid 
age. This model assumes that there is no mixing of the 
water in the reservoir from the time of recharge to the time 
of discharge. Thus, all molecules have the same residence 
time and travel through the system from recharge to 
discharge without being mixed with molecules from other 
sources. The output tritium level depends upon the 
residence time and upon tritium concentration in the 
recharge. The equation describing this model is 
Coat(t) = CiD(t-i:)e-i-c 1 
where CoatCt) is the tritium level in the discharge fluid at 
time t, C1a(t-i:) is the tritium level in the recharge fluid 
at the time of recharge, i: is the residence time, and l is 
the decay constant for tritium ( 5. 576 x io-2yr-1 ). 
Because the piston-flow model does not account for 
mixing (or dispersion), nor does it account for the 
93 
possibility that the system may have many points of input, 
the well-mixed model is used to calculate an upper limit of 
the average age of the fluid in a system. The perfect-
mixing model (or well-mixed model) assumes that, each year, 
fluid is recharged to the aquifer and all recharged water is 
completely mixed with fluid already in the reservoir. 
Hence, fluid discharging from the system has the same 
composition as the mixed fluid within the reservoir. The 
equation that describes the perfect-mixing model is 
dC ( t) = ( qin/V) C1n ( t) - ( qout/V) C ( t) - l.C ( t) 1 
dt 
where C(t) is the tritium level in the reservoir (and the 
discharge) at time t, qin and qout are the recharge and 
discharge flow rates, and V is the fluid volume in the 
reservoir. In the absence of information about the rates 
ofrecharge and discharge over time, it is assumed that qin = 
qout = constant and that V = constant. The above equation 
can be rearranged to give 
dC C t) + 1 + lC ( t ) = 1. C1u ( t) , 
dt ~ ~ 
where ~ is defined as V/q, the mean residence time. The 
solution to this equation is 
* C(t) = e-oi-. • i>t{ 1/~ J C1u(t) e 0 ' .. • i>t dt + K}, 
where k is the constant of integration. This constant is to 
be evaluated at the initial condition C(O) = c, and is the 
original tritium concentration in the reservoir before 
nuclear testing began. It is assumed that C, = 0 because 
the natural production of tritium before nuclear testing 
approaches zero. It is important to note that the well-
mixed model yields excessive ages if the system has an 
appreciable piston-flow component (Shevenell, 1990). 
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During this study, nine samples from cold and hot 
springs, flowing streams and wells were analyzed for tritium 
(Table VII). Because samples for tritium were collected at 
one point in time, they cannot be used to determine the 
exact ages of fluids, but they do provide a basis for 
estimating relative times of residence in aquifers. 
Because Portland, Oregon is the station closest to the 
Alvord basin, 3 H data from precipitation at Portland is used 
to estimate C1n for the 3 H models. Shevenell (1990) 
generates input functions for the above equations using 
estimated and developed 3H data for Portland, Oregon for the 
years 1952 to 1983 (Table VIII) in order to estimate mean 
residence times for fluids in the hydrothermal system at 
Mount St. Helens. 
While yearly tritium data is unavailable for the Alvord 
basin region, general estimates of tritium contents of 
precipitation for southeastern Oregon have been made. 
Sanunel and Craig (1981) cite tritium level estimates for the 
Warner Valley, located approximately 100 km west, at the 
same latitude but 1°30' longitude west of the Alvord basin, 
and in a similar climatic setting. They note that tritium 
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TABLE VII 
TRITIUM CONCENTRATIONS AND ESTIMATED MEAN RESIDENCE TIMES 
FOR THERMAL SPRINGS AND COLD WATER WELLS AND SPRINGS 
IN THE ALVORD BASIN 
Location 
Thermal 
Springs 
Date 
Borax Lake 8/26/92 
Hot springs 8/26/92 
N of BL 
Flowing well 8/26/92 
NE of BL 
Alvord Hot 9/3/92 
Springs 
Mickey 9/3/92 
Springs 
Cold Waters 
BLM Well 8/26/92 
Thomas Place 9/3/92 
Alvord Ranch 9/3/92 
Pike Creek 11/2/92 
Tritium 
( T .U.) * 
0.25 
0.15 
-0.01 
0.14 
0.10 
0.04 
-0.03 
10.1 
7.50 
Error(eTU) Piston Flow Well Kixed 
Age (years) Age (years ) 
0.09 57 3,394 
0.09 70 7,100 
0.09 >156 >10,000 
0.10 67 6,082 
0.09 73 8,525 
0.09 89 >10,000 
0.10 >156 >10,000 
0.30 16 52 
0.27 12 8,83 
*TU indicates 7.088 dpm/kg of water and 3.193 pCi/kg of water. 
96 
levels in the Warner Valley prior to 1953 were probably 
about 9 T.U. (vs. 6 T.U. for Portland, Oregon, Table VIII). 
In addition, tritium levels peaked in 1966 at about 1000 
T.U. (vs. 210.3 T.U. for Portland, Oregon, Table VIII) and 
have declined since then to about 20 T.U. in 1976 (vs. 21.5 
for Portland, Oregon, Table VIII). Hence, estimates made by 
Shevenell (1990) for Portland, Oregon are in general 
agreement with estimates cited by Sammel and Craig (1981) 
for the Warner Valley located in southeastern Oregon. 
Input functions generated by Shevenell (1990) are 
applied to spring discharges in the Alvord basin in order to 
predict residence times of fluids collected in 1992. The 
results of these models are illustrated in Figure 20. 
Maximum and minimum ages of Alvord basin fluids are 
extrapolated from the curves given the observed 3H 
concentrations. Table VII lists tritium data for samples 
collected at three thermal areas and four cold water springs 
and wells in the Alvord basin. 
Applying these models to the Alvord basin, the low 
measured 3 H concentrations in thermal springs (-0.01 ± 0.09 
to 0.25 ± 0.09 T.U.) suggest that reservoir fluids are old. 
Table 20 summarizes mean residence times for Alvord basin 
fluids. These models generate a range of mean residence 
times for thermal fluids between 57 and 73 years (piston) 
and 3,400 to greater than 10,000 years (well-
TABLE VIII 
WEIGHTED MEAN TRITIUM VALUES FROM PRECIPITATION 
IN SELECTED AREAS OF THE WESTERN UNITED STATES 
Year Portland, Menlo Park, Salt Lake City, Values for 
OR* CA** UT** 120W, 43N** 
1952 
1953 
1954 
1955 
1956 
1957 
1958 
1959 
1960 
1961 
1962 
1963 
1964 
1965 
1966 
1967 
1968 
1969 
1970 
1971 
1972 
1973 
1974 
1975 
1976 
1977 
1978 
1979 
1980 
1981 
1982 
1983 
6 
7 
103 
15 
63 
38 
229 
171 
52 
79 
411 
1209.5 
490 
288.8 
201.3 
122 
83.7 
95.5 
68.1 
57.4 
39.7 
33.2 
39.9 
23.4 
21.5 
26.6 
33.5 
17.9 
14.4 
15.2 
7.15 
8.2 
15 
45 
26 
34 
40 
102 
105 
27 
13 
106 
211 
123 
62 
34 
48 
18 
35 
35 
38 
13 
19 
12 
13 
20 
20 
72 
27 
17 
9.5 
11 
9.4 
*Data cited in Shevenell (1990). 
Data from Michael (1989). 
8.4 
117 
16 
74 
69 
316 
206 
62 
87 
493 
1281 
1158 
452 
137 
195 
168 
110 
118 
96 
33 
41 
36 
40 
18 
34 
44 
15 
14 
19 
13 
11 
430 
130 
62 
63 
55 
44 
49 
31.1 
14.3 
15.9 
10.9 
21. 6 
5.0 
8.6 
17.5 
11.4 
9.9 
9.6 
6.8 
6.5 
% of ppt = # of months/year T.U. data collected / 12 months x 100 
Latitude and Longitude values are similar to Alvord basin. 
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mixed). The slightly higher tritium content for Borax Lake 
suggests that thermal water is mixed with a slightly higher 
proportion of young recharge, possibly in the form of 
precipitation into the lake, than the other thermal springs. 
Tritium concentrations in cold waters are variable. 
The Kurtz well and the Thomas well have low measured 3H 
concentrations (0.04 ± 0.09 and -0.03 ± 0.10 T.U., 
respectively). These values are lower than tritium values 
obtained for thermal fluids. The 3 H models generate mean 
residence times of 89 and greater than 156 years (piston} 
and greater than 10,000 years (well-mixed}. 
In contrast, Pike Creek and the Alvord Ranch well have 
higher measured 3 H concentrations (7.50 and 10.1 ± .30 T.U., 
respectively} than other cold waters. These values are 
higher than the weighted mean concentrations obtained for 
precipitation from Portland, Oregon in 1990 (4.5 T.U., Table 
VIII}. The 3 H models generate mean residence times of 12 
and 16 years (piston} and 8, 52 and 83 years (well-mixed}. 
Tritium levels for Pike Creek and the Alvord Ranch well 
suggest that these sites are recharged by snowmelt and 
runoff from Steens Mountain generated during the previous 
summer months. Hence, tritium values and modeling indicate 
the presence of two types of cold meteoric water in the 
Alvord basin - an older, poorly mixed, more saline fluid 
found in artesian wells and springs located in basinal 
sediments and a younger, more dilute, well-mixed fluid found 
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Figure 20. Tritium models for Alvord basin cold 
and thermal waters. 
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in shallow wells located in alluvial fan gravels and in 
streams flowing off the eastern slope of the Steens Mountain 
escarpment. 
Uncertainty in estimated fluid residence time 
introduced by an analytical error of ± 0.1 T.U. for systems 
with low 3 H concentrations such as occur in the Alvord basin 
can be dramatic. A measured 3 H content of 0.14 ± 0.10 T.U. 
yields large variations in fluid ages (i.e. for the well-
mixed model, 3600-10,000 years). At higher 3H 
concentrations, the errors in fluid ages are much smaller. 
For example, a fluid with a 3 H content of 10.1 ± 0.30 T.U. 
yields a well-mixed age of 52 years ± 3 years. Therefore, 
the estimated mean residence times provide upper and lower 
age limits only. 
Uncertainty in the residence time may be reduced if the 
mixing characteristics of fluids in the reservoir are known. 
However, the hydrology within the Alvord basin and of the 
geothermal systems is poorly known. Whether the fluid 
systems are well-mixed or have a significant piston-flow 
component can be evaluated by repeated sampling over a 
period of years. Presently, the tritium measurements 
reported herein are the only data set from which to evaluate 
residence times. 
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CHEMISTRY OF GAS DISCHARGES 
As thermal fluids boil, they generate gas phases. 
Chemically inert, non-reactive constituents in these gas 
discharges may serve as tracers; these include He, Ar and 
Nz. These constituents remain unchanged once added to 
fluids and gases allowing their origins to be traced back to 
their sources. Ratios of various chemical constituents in 
gases allow further analysis and identification of different 
source components, residence times or processes not 
elucidated by fluid chemistry for Alvord basin thermal 
areas. 
Gas samples were collected at the springs north of 
Borax Lake, Alvord Hot Springs and Mickey Springs. 
Logistical problems prevented gas sampling at Borax Lake. 
The gas geochemistry of the Alvord basin thermal areas has 
not been previously studied. Table IX swnmarizes the 
composition of gas discharges collected at the three thermal 
areas. 
Variations in gas geochemistry exist among the three 
sites. Alvord Hot Springs has the highest concentration of 
all gas constituents. Carbon dioxide is the dominant 
constituent in gases from Alvord Hot Springs and Borax Lake, 
while water is the dominant constituent in a fumarole 
sampled at Mickey Springs. Ellis (1979) notes that the 
tendency to precipitate calcite in natural upflow channels 
is particularly marked for gases and waters containg high 
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C02 concentrations. The high concentrations of C02 in gases 
from the springs north of Borax Lake, geochemical modelling 
(Appendix, Table XVI} and the precipitation of small amounts 
of calcite at the surface suggest calcite precipitation in 
upflow zones. 
Oxygen is present and sulfur is absent in the 
geothermal gases. The presence of oxygen and the absence of 
H.zS indicates relatively oxidizing conditions in upflow 
zones, and, possibly the reservoir. The following reactions 
may apply to such an environment: 
FeS2 + 02 -> Fe(OH)3 + so..2- I 
H2S + 4H20 - > S0•-2 + 1 Off , 
CH.. + 2H20 - > C02 + SH• 
Figure 21 shows the relative contents of CH .. , C02 and 
Nz. CH. contents are low relative to Nz and C02. Gas 
discharges plot in the "oxidized" corner of the plot. 
Giggenbach et al. (1990} note that low CH. contents are 
likely due to prolonged interaction with water in the zone 
of aeration, or an otherwise oxidizing environment. In 
addition, the low concentrations of methane indicate that 
breakdown of organic material is contributing little methane 
to gas discharges (Mariner et al., 1983). Low 
concentrations of H.zS and H2 are also present. These low 
concentrations may be due to prolonged interaction of flow 
paths with aerated ground water or an otherwise oxidizing 
environment. Thus, the chemistry of geothermal gases 
TABLE IX 
CHEMISTRY OF ALVORD BASIN GAS DISCHARGES 
Spring 
Date 
Temp, °C 
Volume % 
Hi O 
C02 
S (total) 
HCL 
He 
H2 
Ar 
0 2 
Nz 
CH4 
013C02 
0 13ca 
Nz/Ar 
He/Ar 
Ar/He 
ca;co2 
Alvord 
06/15/92 
75.1 
54.7 
42.7 
<.0085 
0.048 
0.003 
0.0004 
0.03 
0.33 
2 . 104 
0.034 
-6.6 
-27.8 
70.1 
0.1 
10 
0.00008 
Borax 
06/14/92 
93.4 
14.8 
76.5 
<.0260 
<0.0740 
0.0025 
0.101 
0.18 
0.913 
7.34 
0.0913 
-6.5 
-33.6 
40.8 
0.0139 
72 
0.0012 
Mickey 
06/14/92 
94.6 
99.3 
0.612 
<0.0012 
<0.0032 
0.00002 
0.0001 
0.0012 
0.0162 
0.0453 
0.0007 
-9.4 
-27.6 
39.2 
0.0167 
60 
0.0011 
Gas analyses performed by Dr. Neil Sturchio, Argonne 
National Laboratory, Argonne, Illinois. 
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Figure 21. Relative Nz, CH. and C02 contents in gas 
discharges on a molar (volume) basis. 
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indicates that atmospheric oxidation is the dominant process 
in these geothermal systems (Giggenbach et al., 1990; Ellis, 
1979). 
Helium concentrations at Alvord Hot Springs are high 
relative to N2 and Ar (Figure 22). The increased helium 
concentration indicates increased residence times and/or low 
velocity of fluids (which liberate the gases) in the Earth 1 s 
crust (Giggenbach and Goguel, 1989b). 
Giggenbach and Goguel (1989b) note that N2, Ar and He 
contents of gases indicate different source components for 
gases. A meteoric component, represented by air-saturated 
ground water, contributes N2 and Ar in the molar ratio of 38 
and possibly somewhat higher, due to entrainment of air 
bubbles. On the other hand, a magmatic component is 
characterized by increase Nz/Ar ratios of around 800. The 
Nz/Ar ratios for Alvord basin gases range from 39.2 to 70.1. 
The N2/Ar ratios are close to air-saturated ground water for 
Mickey Springs and Borax Lake (38), while the sample from 
Alvord Hot Springs has a ratio closer to free air (84) 
(Giggenbach and Goguel, 1989b). The presence of free air 
could indicate possible air contamination during or after 
sampling for the Alvord Hot Springs sample. Relative N2, Ar 
and He contents are relatively close to that of air-
saturated groundwater for Mickey Springs and Borax Lake 
(Figure 22), indicating an essentially atmospheric origin 
for these gases. 
• • • • • Springs N ~~ ~orax Lake 
,. ,. ,. ,. ,. Alvo rd Hot .:> P' 1ngs 
• • • • • Mickey Sprir l<JS 
• 
.. 
• 
N2/Ar 
meteoric 
(38) 
O~~~,-,-,-.--r....,.,....,..-,-..-,-,,..,-,--,-~..,.--,--,,,-ro-,-,--,-,-.,..,--.,,.-r-r...,--,--.-.r-rrrl'"Ar 
IOHe O 20 40 60 80 1 00 
% Ar 
Figure 22. Relative N2, He and Ar contents in gas 
discharges on a molar (volume) basis. 
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While ratios of N2 /Ar indicate that gases originated 
from a solution of air in groundwater, Ar/He ratios show the 
presence of radiogenic He. Ar/He ratios for gas discharges 
are much lower than ratios for cold, air-saturated 
groundwater (approximately 7000)(Ellis, 1979). These ratios 
suggest the presence of a small component of radiogenic 
helium indicating long residence times and/or fluid-rock 
interaction in the Earth's crust for thermal fluids from 
Borax Lake and Mickey Springs. The very low Ar/He ratio for 
gases from Alvord Hot Springs (10) argues for even longer 
residence times and/or more extensive fluid-rock interaction 
in the crust due indicated by increased concentrations of 
He. Figure 22 depicts the increased radiogenic He 
contribution for Alvord Hot Springs; gas discharges plot 
closer to the "crustal" corner than other gas samples. 
HOST LITHOLOGY OF THE RESERVOIR 
The host lithology of the geothermal reservoir may be 
assessed by analysis of the isotopic composition of various 
components of the geothermal fluids and gases. Strontium 
isotope ratios of thermal waters and rocks have been used to 
determine the lithology of the source reservoir in which 
fluids initially equilibrated (e.g. Goff et al., 1991b; 
Notsu et al., 1991; Graham, 1992). Radium isotope 
geochemistry has been employed by Sturchio et al. (1993) to 
explore aquifer lithology, water-rock interactions, 
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temperature, and water chemistry in the Yellowstone 
hydrothermal system. Carbon isotopes have been used by Turi 
(1986) to determine the host rock lithology. 
Strontium Isotope Geochemistt:Y_ 
The chemical behavior of strontium in groundwater is 
strongly linked to the nature of the aquifer rock through 
which it passes (e.g., Vuataz et al., 1988). Strontium 
isotope ratios have been used to determine reservoir rocks 
in geothermal systems (Graham, 1992; Goff et al., 1991b). 
The exchange of strontium between water and rock is 
mainly determined by chemical reaction (dissolution, 
precipitation or ion exchange) or possibly by equilibrium 
isotope exchange. During the process of chemical reaction, 
rocks may lose variable amounts of strontium to the 
circulating waters and, in this way, the waters gradually 
reflect the strontium isotope composition of their host 
rocks (Pampura et al., 1980). Alternatively, the 
circulating waters may lose strontium through the 
precipitation of calcite, barite or gypsum or ion exchange 
with clays and zeolites (Neil Sturchio, written 
communication, 1993). Because of this processes, strontium 
isotope ratios can be used to identify the country rocks 
with which fluids interacted. Assumptions inherent in the 
application of this technique include a knowledge of the 
stratigraphic sequence underlying the geothermal area and 
the confinement of water-rock interaction to the aquifer 
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(Vuataz et al., 1988). 
Conservative element ratios suggest volcanic or 
volcaniclastic reservoir rocks for the thermal areas in the 
Alvord basin. A reconstruction of the stratigraphic section 
underlying the basinal sediments in the Alvord basin 
includes an extensive section of Tertiary volcanic rocks 
(Table I). A comparison of strontium isotope ratios of 
fluids and rocks aid in further qualification of reservoir 
rock lithology for Alvord basin geothermal areas. 
Strontium isotope ratios were determined for water 
samples collected from three hot springs in the Alvord basin 
(hot springs north of Borax Lake, Alvord Hot Springs, and 
Mickey Springs) in May, 1992. Discharges from all three 
thermal areas issue from basinal sediments. 87Sr / 86Sr ratios 
for hot spring waters range from 0.70424 ± 0.00005 for the 
springs north of Borax Lake, 0.70439 ± 0.00006 for Mickey 
Springs, and 0.70478 ± 0.00008 for Alvord Hot Springs. 
Strontium contents range from 0.162 to 0.723 mg/L for 
thermal springs (Table X). 
To assess the source and input of strontium to Alvord 
basin geothermal waters, a suite of volcanic rocks were 
analyzed for 87Sr/86Sr ratios (Table X). This suite of 
Tertiary volcanic rocks is believed to underlie the basinal 
fill in the Alvord basin. The samples are representative of 
the main units which may act as aquifers for the Alvord 
Valley Known Geothermal Resources Area. No samples of 
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TABLE X 
STRONTIUM ISOTOPE RATIOS FOR VOLCANIC ROCKS AND THERMAL FLUIDS 
FROM THE ALVORD BASIN AND SURROUNDING MOUNTAINS 
Stratigraphic 
unit 
Rhyolite 
ash-flow 
Steens Basalt 
Pueblo Basalt* 
Steens Mountain 
Volcanics 
Pike Creek 
Formation 
Alvord Creek 
Formation 
Thermal fluids 
Lithology Sr 87Sr/86Sr 
mg/kg 
Ash flow tuff, 18 .70723 (+/- 11) 
1 locality northwest of 
Fields (west of gravel pit), 
TCT-1. 
High alumina olivine 471 
tholeiites, top of 553 
section, 70 flows, 6 453 
localities, 2-22A, 2-22B,731 
2-22E, 2-22F, 2-22G, 476 
2-23A (Carlson and 471 
Hart, 1987) 
Quartz tholeiites to 457 
olivine basalts, top to 489 
base of section (50 flows)499 
12 localities 457 
(Hart et al, 1989) 497 
616 
526 
485 
520 
507 
344 
302 
Platy andesite flows 655 
2 localities near base 476 
and in middle of section 
W2 AND CA5 (Langer, 1991) 
Ash flow tuff, 254 
1 locality from Carlson 
Creek, CA4 (Langer, 1991) 
0.70372 
0.7037 
0.70384 
0.70386 
0.7037 
0.70375 
0.70379 
0.70361 
0.70346 
0.70359 
0.7036 
0.70367 
0.70391 
0.70373 
0.7035-0.7039 
0.7036-0.7039 
0.7035-0.7048 
0.7035-0.7039 
0.70398 
0.70430 
0.70426 (+/-11) 
Basalt near base 163 0.70423 (+/-11) 
of section, 1 locality, 
Scoubes Creek, SCl 
(Langer, 1991) 
Springs N of Borax Lake 
Alvord Hot Springs 
Mickey Springs 
.448 0.70424 (+/-5) 
.723 0.70478 (+/-8) 
.162 0.70439 (+/-6) 
* Pueblo Basalt is age equivalent to 
in the southwestern Pueblo Valley. 
Steens Basalt and outcrops 
111 
the basin fill were analyzed. 
The results of Sr-isotopic analyses of rocks indicate 
that the Tertiary volcanic rocks in the Alvord basin area 
have widely differing ratios ranging form 0.70422 (Alvord 
Creek Formation; Table X) to 0.70723 {peralkaline ash flow 
tuffs; Table X). Some of the units have 87Sr/ 86Sr ratios 
higher than the fluids (e.g. tuff above Steens Basalt) and 
some have values lower than the fluids (e.g. Steens Basalt 
and Pueblo Basalt). 
Assuming that thermal fluids have not lost or gained Sr 
during upflow, the following observations can be made. 
Fluids from the springs north of Borax Lake have a 81Sr / 86Sr 
ratio consistent with interaction with welded ash flow tuffs 
of the Pike Creek Formation or fine-grained microcrystalline 
basalt of the Alvord Creek Formation thought to exist in the 
Alvord basin (Table X)(Figure 23). Fluids from Alvord Hot 
springs have a 87Sr/86Sr ratio higher than the Alvord Creek 
Formation and Pike Creek Formation (Figure 23). Fluids for 
Mickey Springs have a 87Sr / 86Sr ratio consistent with 
interaction with andesite flows in the middle of the Steens 
Mountain Volcanics sequence thought to exist in the northern 
part of the Alvord Valley (Figure 23). 
Radium Isotope Geochemistry 
The relation between 228Ra/226 Ra, water chemistry and 
aquifer lithology has been noted by Clark and Turekian 
(1990) and Sturchio et al. (1993). Radium concentrations 
0.7074 
0 
0.7064 0 0 0 0 0 Ash flow tu ff 
~ 6 6 6 6 Steens Basalt I-
(/) 0 0 0 0 0 Pueblo Basalt 
ill + + + + + Steens Mountain Volcanics CX) 
~ )( lC x )( x Pike Creek Formation 
I- Alvord Creek Formation (/) ... ..- . 
f"-. 0 7054 • • • • • Springs north of Borax Lake CX) 
............ Alvord Hot Springs 
••••• Mickey Springs 
.. 
0 .7044 • 
+ x 
• 0 
+ 
A 0 
8 I 
C! .7034 0 
Fiqure 23. 87 Sr / 86Sr ratios for thermal waters and 
country rocks of the Alvord basin area. 
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and isotopic activity ratios are presented in Table XI, 
along with information on the lithology of the discharge 
areas. The 228Ra/226 Ra ratio for thermal fluids from the 
springs north of Borax Lake indicates interactions with 
volcanic rock. However, activity ratios for Alvord Hot 
Springs and Mickey Springs are lower than expected. These 
ratios could indicate either that the fluid has interacted 
with limestone or gypsum in either basinal sediments or 
buried blocks of pre-Tertiary sediments. (e.g. low 228Ra/ 226Ra) 
or that uranium has accumulated along flow paths in the 
volcanic reservoirs (e.g. increased uranium would increase 
2 26Ra with respect to 228Ra) (Dr. Nei 1 Sturchio, personal 
communication, December, 1992). Hence, Ra isotopic ratios 
indicate that reservoir rocks for the Borax Lake thermal 
area are volcanic while fluids from reservoir rocks at 
Mickey Springs and Alvord Hot Springs have interacted with 
TABLE XI 
RADIUM ISOTOPE RATIOS FOR THERMAL FLUIDS 
FROM THE ALVORD BASIN 
Spring Na•• 
Sprin9• N of 
Bgra" L•ll• 
Al90rd Bot Sprin9• 
Mickey Spr in9s 
0 . 32 !. 0.01 
1. 64 !. 0 . 03 
0 .1 8 !. 0.01 
22 BRa/22 6Ra, dpa/k9 Litholo9y of 
diacharo• zone 
1 .14 !. 0 . 13 Quatarnary 
o. 38 !. 0 . 02 
0 .17 !. 0 . 09 
lacu1t r i 11a 
d•po•it• 
Quaternary 
lacu•trln.e 
d•po•it• 
Quat•r oary 
eilici f i •d 
aandatone 
and lacuatrine 
d•PO•it a 
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Carbon Isotope Geochemistry 
The ~3C values of C02 in hot spring gases may also 
indicate reservoir host rock composition. Carbon species 
may be derived from various sources, including organic C02, 
atmospheric C02 , limestone, and igneous sources (Faure, 
1991). Systems with CC>z released from the decomposition of 
organic material have 0 13C values ranging from -15 to -25° I oo 
(Deines, 1980). Atmospheric C02 has a 0 13C value close to -
7'/oo (Faure, 1991). Marine limestone has 0 13C = 0 .±. 4°/oo 
(Craig, 1953). Carbon dioxide from igneous sources has o13C 
values that vary over a wide range: Carbon dioxide 
liberated in fumaroles from volcanic areas normally has 013C 
= -8 to -3° / oo; C02 collected over hot lavas has 0 13C ranging 
from -26 to -15° / ooi mantle-derived C02 is thought to have 13C 
values in the range of -8 to -5° loo (Hoefs, 1987). 
Figure 24 illustrates o13C values for methane and 
carbon dioxide for different sources of hydrocarbon gases. 
Alvord basin gas discharges plot in the field for geothermal 
gases represented by data from New Zealand, Yellowstone and 
Lassen National Parks, and the Salton Sea region (Whiticar, 
1990). 
Table IX presents o13C values for C02 gas from the 
thermal areas in the Alvord basin. The o13C values for 
Alvord Hot Springs and the springs north of Borax Lake are 
similar, while the 613C value for Mickey Springs is 
isotopically lighter. 
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Figure 24. Gas sources determined from carbon 
isotope ratios of methane and carbon dioxide 
(adapted from Whiticar, 1990). 
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The isotopic composition of gases for the springs north 
of Borax Lake and Alvord Hot Springs is within the range 
expected for either atmospheric oxygen, C02 released from 
fumaroles, or mantle-derived C02. The 6 13C of C02 for Mickey 
Springs is isotopically lighter than C02 released from 
fumaroles or the mantle, but is considerably heavier than 
C02 expected from the decomposition of organic matter or 
collected over hot lava flows. 
In addition, the 613C composition of methane { CIL) from 
the three thermal areas may indicate different methane 
sources. The isotopic composition of "normal" geothermal 
methane is -25°100 to -29°100 {Figure 23) {Whi ti car, 1990 and 
Stewart et al., 1992). Alvord Hot Springs and Mickey 
Springs are within this range (-27.8°/oo and -27.6°/ooi 
respectively). However, the springs north of Borax Lake 
contain isotopically lighter methane (-33.6°/oo). Biogenic 
methane has a 13 C content of -45°100 {Stewart et al., 1992). 
The springs north of Borax Lake may contain a component of 
thermogenic methane. Thermogenic signatures are generated 
by the thermal alteration of organic matter in rocks or 
sediments {Whiticar, 1990). In the case of the springs 
north of Borax Lake, thermogenic methane may be added to 
ascending hot sodium bicarbonate water containing "normal" 
geothermal methane gas; the thermogenic methane may be 
generated by thermal alteration of basinal sediments or pre-
Tertiary sediments. 
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RESERVOIR GEOTHERMOMETRY 
One of the major applications of geochemistry in the 
exploration of geothermal resources involves estimation of 
underground temperatures using chemical and isotopic 
geothermometers. Concentrations of dissolved constituents 
in geothermal fluids are a function of the temperature of 
the aquifer and the alteration mineral assemblage (White, 
1965; Ellis, 1970; Truesdell, 1976). Any constituent whose 
concentration is controlled by a temperature-dependent 
reaction could, theoretically, be used as a geothermometer. 
However, to be useful as a geothermometer, additional 
conditions must be met. These conditions include an 
adequate supply of the reactant, establishment of 
equilibrium between water and minerals in the aquifer, 
little reequilibration or change in composition at lower 
temperatures as the water flows from the reservoir to the 
surface, and no mixing with shallow cold ground water 
(Fournier et al., 1974). The accuracy of the estimates 
depends upon the degree to which these assumptions are 
fulfilled (Fournier et al., 1974). 
Although these assumptions may be fulfilled at some 
locations, they are not usually fulfilled everywhere. In 
particular, assumptions regarding the establishment of 
equilibrium between water and reservoir rocks, and the lack 
of reequilibration or mixing during upflow may be invalid. 
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The application of chemical geothermometers is 
complicated by a lack of lithologic information for the 
geothermal reservoirs in the Alvord basin. Assumptions must 
be made concerning phases considered stable for a given host 
lithology in order to determine which reactions control 
particular chemical ratios employed in reservoir temperature 
estimates. The temperature range of 100-200° C is 
considered reasonable for systems in the Alvord basin. 
Phases considered stable include calcite, quartz, 
montmorillonite, albite, and wairakite for the Ca-Na-K-C02-
Si-H20 system (Henley and Ellis, 1983). 
Chemical, isotopic, and gas geothermometers and the 
conditions for their application to geothermal systems have 
been reviewed recently by Truesdell (1976), Ellis and Mahon 
(1977), Fournier (1981), Henley et al. (1984) and Kharaka 
and Mariner (1989). The commonly used chemical 
geothermometers (Table XII) include the silica 
geothermometers (Fournier and Rowe, 1966; Fournier, 1970), 
the Na-K-Ca geothermometer (Fournier and Truesdell, 1973), 
the Na-K geothermometers (White, 1965; Ellis, 1970; 
Truesdell, 1976; Fournier, 1979a), the Na-K-Mg-Ca 
"geoindicators" (Giggenbach, 1988), the oxygen isotope 
compositions of dissolved sulfate and water (McKenzie and 
Truesdell, 1977), and various gas geothermometers 
(Giggenbach, 1980; D'Amore and Panichi, 1980; Norman and 
Bernhardt, 1981). 
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In addition to the above conditions for the application 
of chemical geothermometers, certain geothermometers have 
special requirements. For example, the K/Na and K/Mg 
"geoindicators 11 of Giggenbach (1988) can be applied only if 
fluids are in equilibrium with the host rock. In order to 
evaluate the degree of fluid-rock equilibration, a "maturity 
index11 , MI, is calculated for a particular thermal fluid, 
MI = 0 . 315 Lka - Lkn = 2 • 0 1 
where Lk• is equal to the log (K2 /Mg) and Lkn is equal to the 
log (K/Na). An MI value greater than 2.0 indicates the 
suitability of a water for application of K/Na and K/Mg 
"geoindicators" (Giggenbach, 1988). 
Giggenbach (1988) notes that K/Na temperatures 
represent slow water-rock equilibration processes likely to 
reflect conditions at deeper levels, while "faster" 
geothermometers based on dissolved silica and K/Mg contents 
provide information on temperatures at shallower levels. 
A wide range of potential geothermometers originate 
from isotopic fractionation of an element between different 
compounds contained in geothermal fluids (Truesdell and 
Hulston, 1980). The most widely used isotope geothermometer 
involves the fractionation of oxygen between water and 
dissolved sulfate (McKenzie and Truesdell, 1977). This 
geothermometer completely equilibrates in geothermal 
reservoirs whose temperatures are above 150°C and 
reequilibrates only slightly in thermal fluids during ascent 
TABLE XII 
EQUATIONS EXPRESSING THE TEMPERATURE DEPENDENCE 
OF SELECTED GEOTHERMOMETERS 
(AFTER FOURNIER, 1981) 
Geothermometer Equation Restrictions 
Quartz- no steam t 0c = 1309 -273.15 t=0-250°C 
loss 5.19 - log [Si02] 
Quartz- maximum t 0c = 1522 -273.15 t=0-25o0c 
steam loss 5.75 - log [Si02] 
Na/K (Fournier) t 0c = 1217 -273.15 t> 15o0c 
log[Na/K] + 1.483 
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Na-K-Ca t 0c = 1647 t<l00°C,B=4/3 
log[Na/K]+B(log[Ca/Na]+2.06)+2.47 t>l00°C,B=l/3 
- 273.15 
K/Na (Giggenbach, t 0c = 1390 -273.15 
1988) 1.75 - log[K/Na] 
K/Mg (Giggenbach, 
1988) 
180(S04 - H20) (McKenzie and 
Truesdell, 1977) 
co2-H2S-CH4-H2 (D'Amore and 
Panichi, 1980) 
t 0c = 
t 0c = 
t 0c = 4410 
14 - log[K2/Mg] 
-273.15 
18 
2.88 x106 O.S 
{[ O-(S04) - 180-(H20)] + 4.1} 
273.15 
24775 - 273.15 t=l00-300 
a + 8 + 36.05 
a = 2 log~ - 6 log H2 - 3 log H2~ 
co co2 co2 8 = -7 log ~C02 
7 if co2 < 75 vol %; P~2 = 0.1 atm 0 if co2 > 75 vol %; C 4<2H2; H2S<2H2; 
7 if co2 > 75 vol %; CH4>2H2; H2S>2H2; 
Pco2 = 
1 atm 
Pco2 
13 13 C-COi - C-CH4 l3 22166 13 - 273.15 (Bott1nga, 1969) ( C-COz - C-CH4) + 13.861 
COi/Ar t 0c = _ __ 2=-0;...4;.,;:;8'----
(G1ggenbach, 1980) log(C02/Ar) + 7.53 
CH~ -CO-C02 t 0c = 4625 
(G1ggenbach, 1980) 10.4 + log(CH4;co2) 
-273.15 
H2-Ar (Giggenbach, 1980) t 0c = 70(2.5 + log(H2/Ar) 
at average velocities. The geothermometer is affected by 
changes in 6 180 of water due to subsurface boiling 
anddilution and by addition of sulfate of near-surface 
origin (McKenzie and Truesdell, 1977). 
Reservoir Temperatures 
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Thermal waters in the Alvord basin exhibit Na-HC03 
composition. Giggenbach and Goguel (1989b) note that most 
of the waters involved in the calibration of empirical 
geothermometers are full equilibrium Na-Cl waters. They 
further note that most Na-HC~ waters, which are commonly 
found at the periphery of many geothermal systems, are 
generated by absorption of C02-rich geothermal steam in 
shallow ground water. These Na-HC03 waters are not full 
equilibrium waters and cannot be used for geothermometric 
purposes. However, it must be noted that calculated 
maturity indices based on thermal fluid composition for 
Alvord basin thermal areas are greater than 2, indicating 
full fluid-rock equilibration in the Na-K-Ca system. 
Table XIII presents estimated reservoir temperatures 
based on chemical, isotopic, and gas geothermometry for the 
Alvord basin . The adiabatic (maximum steam loss) rather 
than conductive (no steam loss) quartz estimates are more 
applicable for samples with near-boiling or boiling measured 
temperatures, as is the case for Borax Lake, the hot springs 
north of Borax Lake and Mickey Springs. In addition, 
subsurface boiling is indicated at Mickey Springs by the 
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high pH and low C02 concentration (Goff et al., 1987). 
K/Na temperature estimates are consistently higher than 
other geothermometers; Giggenbach (1988) notes that this 
" geoindicator" responds the most slowly and therefore 
preserves deep equilibration Na/K-ratios in the reservoir. 
However, he cautions that the production of similar ratios 
in waters obviously not in equilibrium with the rock 
generates large uncertainties in its application as a 
geothermometer. 
K/Mg temperature estimates are consistently lower than 
other geothermometers; Giggenbach (1988) notes that this 
"faster geoindicator" reequilibrates quickly at shallow 
levels and is sensitive to the addition of nonequilibrated 
waters. 
Temperature estimates using the gas geothermometers are 
either consistently lower or higher than chemical and 
isotopic geothermometer estimates (Table XIII). Estimates 
range from 157-345° C for the springs north of Borax Lake. 
The H2-Ar estimate, based on equilibrium between dissolved 
Ar and H2 and gaseous Ar and H2, is similar to measured 
downhole temperatures in exploration wells drilled in the 
vicinity of Borax Lake (160° C, Blackwell et al., 1986; 152° 
C, Anadarko Petroleum Corporation Press Release, 1989). 
Estimates range from 33-360° C for Alvord Hot Springs. The 
low H2-Ar estimate for Alvord Hot Springs may have resulted 
from air contamination of the sample (as indicated by a 
TABLE xm 
CHEMICAL, ISOTOPIC AKD GAS GEOTHERMOMETRY FOR THE ALVORD VALLEY KGRA 
Location Date Geother101eter Isotope Gas 
Quartz Quartz Na/K Ka-K-Ca K/Ka K/Mg 180(S04 - H20) C02-H2S-CH4-H2 C02-CH4 H2-Ar CH4-C02 13C(C02)-13C(CH4) 
!lo Stea• Loss Mai. Stea1 Loss 
Borax Lake 
96.4' 06/91 181 183 199 145 
91' 09/91 174 177 184 142 
93' 12/91 185 172 174 166 192 141 
93' 03/92 175 164 176 172 194 144 
93' 06/92 189 176 180 158 198 141 207 
93' 09/92 178 167 177 172 195 140 
Springs II of 
Borax Late 06/91 195 162 211 134 
09/91 172 168 189 138 
12/91 171 161 176 163 193 136 
03/92 175 164 171 166 189 133 
06/92 189 176 189 154 206 137 203 126 224 157 345 268 
09/92 172 162 180 172 198 132 
Alvord Hot Springs 
06/91 182 202 199 140 
09/91 182 193 199 137 
12/91 157 149 181 193 198 138 
03/92 152 HS 180 191 m 137 
06/92 161 152 180 189 198 134 198 33 238 44 360 359 
09/92 158 150 186 195 204 137 
!lidey Springs 
06/91 175 199 193 157 
09/91 169 198 187 185 
12/91 193 179 174 197 191 164 
03/92 185 172 170 194 188 175 
06/92 192 176 168 196 186 190 150 90 225 100 347 m 
09/92 190 176 176 200 194 167 
Flowing Vell 
t-• KE Borax Lak 12/91 197 182 178 175 199 115 N 
09/92 194 180 184 174 202 115 168 w 
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N2/Ar ratio close to that of air). Estimates range from 90-
4180 C for Mickey Springs. The Hi-Ar and C02-H2S-ClL-H2 
estimates are similar to measured thermal spring 
temperatures possibly suggesting reequilibration in the 
near-surface environment. There is relatively good 
agreement between Hi-Ar and COz-H2S-CIL-CO-H2 estimates for 
all thermal areas. The CIL-CO-C<>z and carbon isotope 
estimates correlate well for Alvord Hot Springs. CIL-CO-C02 
estimates are similar for the thermal areas (>300°C). These 
estimates do not seem reasonable when compared with other 
chemical and isotopic geothermometer estimates (Table XIII). 
Giggenbach (1987) notes that temperatures based on carbon 
isotope distribution between C02 and CH4 are usually 50-150° 
C higher than reservoir temperatures. These high values are 
interpreted to indicate the slow rates of C02-CIL isotopic 
exchange in deep geothermal fluid reservoirs. 
Borax Lake Thermal Area. The estimated reservoir 
temperatures based on the chemical and isotopic 
geothermometers for Borax Lake range from 140° C to 207° C. 
The highest temperatures are obtained from the K/Na 
ngeoindicatortt of Giggenbach (1988) and the oxygen isotope 
geothermometer. The oxygen isotope geothermometer is 
approximately 8° C higher than the ttgeoindicator". The 
quartz geothermometers, Na/K, and Na-K-Ca geothermometers 
are, on average, within 12°C of each other. The K/Mg 
"geoindicatoru produces the lowest temperatures (142° C). 
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Anadarko Petroleum Corporation encountered a temperature of 
152° C at a depth of approximately 450 m during exploratory 
drilling 2.2 km south of Borax Lake (Anadarko Press release, 
November 7, 1989). This value lies between the estimates 
produced by quartz geothermometry with maximum steam loss, 
Na-K-Ca and K/Mg estimates for Borax Lake. 
Estimated reservoir temperatures for the hot springs 
north of Borax Lake range from 132° C to 203° C. Similar 
relations among the values of different geothermometers and 
ngeoindicators" as obtained from Borax Lake are present, but 
the maximum temperatures for the K/Na and isotope 
geothermometers are higher (average 198° C (n=6) and 203° C 
respectively). The K/Mg temperature values are lower than 
those for Borax Lake. A particularly low temperature 
estimate (and lower Ca content) was obtained for the Na-K-Ca 
system in June, 1992, a time when calcite was actively being 
deposited at the spring. 
Estimated reservoir temperatures for the flowing well 
northeast of Borax Lake range from 115° C to 202° C. The 
silica geothermometers and Na/K, Na-K-Ca, and K/Na values 
are generally higher than the average temperatures obtained 
for the same systems at Borax Lake and the springs north of 
Borax Lake. The isotope geothermometer is 35 to 40° c lower 
than isotopic estimates for the other two springs. The K/Mg 
'~geoindicatorstt produces temperatures ( 115° c) that are 20 
to 30° C lower than for the other sites. 
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Sulfate-water values are approximately 8° C higher or 
lower than geothermometer estimates for Borax Lake and the 
hot springs north of Borax Lake (Table XIII). These values 
are similar to those obtained from the silica and cation 
geothermometers. 
The isotopic geothermometers yield reservoir 
temperatures for Borax Lake and the springs to the north 
that are similar (207° C versus 203° C). While these sites 
have similar reservoir temperature estimates, isotopic-based 
estimates for the flowing well located 0.80 km northeast of 
Borax Lake are 35° C to 39° C lower than Borax Lake and the 
springs to the north. 
Mickey Springs Thermal Area. Estimated reservoir 
temperatures for Mickey Springs range from 140° C to 200° C. 
General agreement for the conductive quartz geothermometer, 
Na-K-Ca, and K/Na between 190 and 199° C (averages) are 
obtained at Mickey Springs. The highest K/Mg temperatures 
are obtained at Mickey Springs relative to the other hot 
spring areas. These temperatures are in close agreement 
with the average temperature for the quartz (maximum steam 
loss) geothermometer. The oxygen-sulfate geothermometer 
yields a low temperature estimate relative to the other 
geothermometers (150° C). 
Alvord Hot Springs Thermal Area. Estimated reservoir 
temperatures for Alvord Hot Springs range from 113° C to 
204° C. The highest temperature estimates are obtained from 
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the Na-K-Ca and K/Na systems while Na/K and the oxygen 
isotope geothermometers, although yielding lower 
temperatures, are in agreement. The estimates obtained for 
the quartz-based geothermometers are, on average, 25 to 50° 
C lower than the other geothermometers. The lowest 
temperatures are attained for the K/Mg system at an average 
value of 137° C (n=6). The agreement in calculated 
temperatures for each of the six sampling periods is much 
tighter than obtained for the Borax Lake area. 
DISCUSSION 
Borax Lake, Alvord Hot Springs, and Mickey Springs are 
the discharge areas in the Alvord basin for geothermal 
systems that recharge in surrounding fault block mountains, 
particularly the Steens Mountain-Pueblo Mountains fault 
blocks. The hydrologic dynamics of the groundwater and 
surface water components within the fault block mountains 
and valley are only partially known, but are believed to be 
similar to those postulated for other closed basin systems 
in the Great Basin (Mifflan, 1968, 1988; Russell, 1985; 
Sammel and Craig, 1981; Welch and Preissler, 1987; Campana 
et al., 1980; Olmsted et al., 1984). 
The basic feature of this model (Mifflan, 1968, 1988) 
is range-to-valley flow of meteoric water. Recharge of the 
valley groundwater systems occurs by streams, fed from 
precipitation in the mountain ranges, that disappear into 
the alluvial fans that prograde valley ward from the 
mountain front (Townley et al., 1980). Deeper circulating 
meteoric water may discharge into the basin from faults 
which occur along the basin margin. At least some of the 
precipitation migrates to · greater depths along fracture 
zones within the fault block mountains and, in a region of 
high heat flow, becomes heated before rising along range-
front faults to discharge as hot springs within the basin. 
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ln this discussion, the data obtained from geologic 
mapping and the geochemical and isotopic concentrations for 
fluids and rocks are examined in relation to the 
characteristics of the geothermal reservoirs in the basin. 
HYDROGEOCHEMISTRY AND RESERVOIR CHARACTERISTICS 
Geothermal fluids obtain isotopic and chemical 
characteristics by interaction with the rocks through which 
they pass. The characteristics impressed upon the fluids 
and gases reflect the lithology where the fluids and gases 
were resident for the longest time (reservoir} and under the 
highest sustained temperature conditions. Certain 
characteristics are relatively resistent to modification by 
interactions with rocks through which the fluid may pass 
while migrating to the surface. Other characteristics may 
become modified. However, these modifications may indicate 
the behavior of the fluid during migration and the rock 
types through which it passes. A thermal fluid at the 
Earth's surface has isotopic and chemical characteristics 
that are a sum of all processes that have acted upon that 
fluid during its evolution. In order to understand the 
dynamics of the geothermal systems in the Alvord basin, the 
characteristics imposed during recharge, residency in the 
reservoir, and upflow must be discussed. 
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Recharge 
Recharge of the geothermal systems in the Alvord basin 
occurs primarily by infiltration of meteoric water from the 
Steens Mountain fault block, but lesser volumes of water may 
be contributed from the smaller ranges such as the 
Sheepshead Mountains and Trout Creek Mountains. The oD 
values of thermal water, cold groundwater, pore water from 
cores collected at 4 to 5 m depth from Alvord Lake 
(Matthews, written communication, 1991), and surface runoff 
from the eastern slope of Steens Mountain are similar (Table 
VI). These values are lower than the oD value for snow 
collected at 2,408 m on the western flank of Steens 
Mountain. Due to the considerable elevation differences on 
Steens Mountain, the isotopic composition of rain and snow 
could vary considerably. 
The oD value for one sample of precipitation collected 
from the basin floor (Table VI) is considerably higher than 
that of the thermal and non-thermal waters. This datum does 
not allow an evaluation of precipitation falling on the 
valley floor contributing to the fluids in the system. 
However, considering the rain shadow effect of the Steens 
Mountain-Pueblo Mountains on the Alvord basin, it is 
unlikely that precipitation falling on the valley floor 
contributes to the groundwater system. In like manner, 6D 
and 6180 values for pore water from the upper 4 m of 
sediment in Alvord Lake are more enriched than fluids in the 
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groundwater system. It is unlikely that this water, in 
which the D and 180 values have been enriched due to 
evaporation, contributes to the recharge of the geothermal 
system operating in the basin. 
Differences in the 618 0 values between cold groundwater 
and thermal waters result from interaction of the thermal 
water with rocks under the conditions of the reservoir. The 
characteristic shift to the right of the world meteoric 
water line (to higher ouo values) in thermal waters is 
consistent with high temperature exchange between 110-
depleted waters and 180 rocks (Figure 17). 
Although local meteoric water dominates most geothermal 
systems (Truesdell and Hulston, 1980), other sources of 
fluid may contribute to the system. These sources may· 
include magmatic fluids, basinal brines, and metamorphic 
fluids. Conservative element ratios in discharge fluids, 
elemental ratios in gases, and isotopic ratios may indicate 
the presence of these fluids. All ratios considered in this 
study support a meteoric water origin of the geothermal 
fluids. While 6 13C(COz) values for gases from Borax Lake and 
Alvord Hot Springs are within the allowable range for mantle 
derived C02 1 the isotopic composition at these springs also 
overlaps that of atmospheric and fumarolic 6 13C(C02) values. 
Ratios of Nz and Ar at Borax Lake and Mickey Springs 
indicate recharge by air-saturated ground water, suggesting 
that the C02 is of atmospheric origin. 
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On the basis of the available data, the recharge for 
the Alvord basin geothermal systems is meteoric water 
derived from precipitation falling on the Steens Mountain-
Pueblo Mountains. No other sources of fluids are confirmed. 
Residence Times in the Reservoir 
The isotopic and chemical compositions of reservoir 
host rocks impart characteristic signatures to the waters. 
The interaction of fluids with rocks at elevated 
temperatures involves a variety of reactions to occur. In 
geothermal systems, the most likely reactions are 
dissolution/precipitation, oxidation/reduction, and cation 
and isotopic exchange reactions. Under equilibrium 
conditions the elemental and isotopic distributions between 
the fluid and rock are fixed for a given temperature. 
Whether equilibrium is attained is, in part, related to the 
residence time of the fluid and within the reservoir. 
The fluid residence time en route from the area of 
recharge to the area of discharge was examined by analysis 
of the tritium content of the thermal fluids, cold ground 
water, and surface waters. Tritium analyses indicate that 
the thermal waters and cold ground waters from deep sources 
share a long residence time that may be from at least 57 
years to greater than 10,000 years, depending upon the 
circulation model selected for evaluation of the data. 
Cold water discharging from shallow ground water sources or 
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discharging directly from the Steens Mountain fault block 
have residence times of months to a few years. The deep 
groundwater and thermal waters of the Alvord basin have 
little or no tritium and are largely isolated from the 
shallow cold groundwaters of the basin. The low 
concentration of tritium in the thermal waters suggests that 
thermal fluids contain a small amount of young water either 
due to 1) mixing in the near-surface environment or to 2) 
mixing with relatively young, deeply circulating ground 
water. 
Increased He contents relative to N2 and Ar contents in 
gas discharges from Alvord Hot Springs are consistent with 
relatively long residence times of gas and fluid in the 
crust (Figure 22)(Giggenbach and Goguel, 1989b). 
The shift in 6 180 values up to 3 ° / 00 relative to the 
world meteoric water line, is consistent with oxygen 
exchange with isotopically heavier rocks at elevated 
temperatures. However, several other chemical and isotopic 
signatures also may be ascribed to the interactions of 
fluids with rocks. These can be interpreted in terms of the 
equilibration temperature of the fluid and the host rock 
lithology of the reservoir. 
Reservoir Temperature 
Chemical and isotopic geothermometers indicate 
reservoir temperatures between 170° C and 200° c. These 
estimates are in general agreement with reservoir 
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temperatures calculated by Mariner and others (1974, 1980) 
and Brown and Peterson (1980). The general agreement among 
calculated results using a variety of geothermometers that 
are dependent upon different dissolution and exchange 
reactions within the reservoir suggest that an assumption of 
chemical equilibrium between fluids and rocks is reasonable. 
Host Rock Lithology 
The attainment of equilibrium allows additional 
arguments related to the location of the reservoir to be 
advanced. The composition of the reservoir rocks may be 
interpreted from ratios of various elements in solution 
including the conservative elements, and strontium and 
radium isotope ratios. Conservative element ratios are 
consistent with the reservoir being located within a 
volcanic host rock. The strontium and radium isotopic 
ratios more precisely define the lithology of the reservoir. 
Sparse strontium isotopic data are avaliable for the 
volcanic rocks of southeastern Oregon. Isotopic data for 
the Steens Basalt and the age-equivalent Pueblo Basalt are 
reported by Carlson and Hart (1987) and Hart et al. (1989) 
as indicated in Table X. However, for all other 
stratigraphic units, the results reported in this study are 
the only known values. 
The strontium isotopic ratios ( 87Sr / 86Sr) for two 
samples collected near the base and middle of the Steens 
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Mountain Volcanics indicate that considerable isotopic 
variability may exist in some units (Table X). The isotopic 
composition of rhyolite, basalt, and andesite from all 
exposed units below Steens Basalt have Sr isotopic ratios of 
0.7040-0.7043. The Steens Basalt and the andesite flows 
from near the base of the Steens Mountain Volcanics have Sr 
isotope ratios of 0.7037-0.7039, and 0.7040 and 0.7043, 
respectively. The isotopic differences between these two 
"groups" are significant. However, from stratigraphic 
relations, it is clear that rocks having less radiogenic Sr 
are interbedded with rocks with more radiogenic Sr. Both 
"groups" are isotopically distinct from peralkaline ash flow 
tuf f and presumably associated tuffs from above the Steens 
Basalt ( 117Sr/86Sr = 0.7072). 
The strontiwn isotopic ratios for thermal waters {Table 
X) are consistent with those for rocks below the Steens 
Basalt and most closely match those of the more radiogenic 
units of the Steens Mountain Volcanics and the rhyolite and 
basalt of the Pike Creek and Alvord Creek Formations, 
respectively (Figure 23). Since the range of isotopic 
values in these formations is not known, the host rock for 
the reservoir cannot be more rigorously defined on the basis 
of the available Sr isotope analyses. However, the Cs/Li 
ratio for a water sample from Borax Lake is consistent with 
the reservoir located in rhyolite. 
Radium isotopes in fluids from the springs north of 
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Borax Lake also are consistent with a reservoir located in 
volcanic rocks. At Mickey Springs and Alvord Hot Springs, 
the apparent lower activity ratios may be explained by 
uranium accumulation in the reservoir or in rock through 
which the fluids passed during ascent. Uranium ore was 
mined at various locations in southeastern Oregon (i.e. 
Weissenburger, 1984). Approximately 70 km southeast of the 
Alvord basin, the Aurora and Bretz uranium prospects are 
located along ring fractures of the McDermitt caldera. The 
Bretz prospect occurs in silicic lavas and rhyolite ash-flow 
tuff while the Aurora prospect is hosted in intracaldera 
tuffaceous lake sediments (Wallace and Roper, 1981; Roper 
and Wallace, 1981). A similar lithologic association is 
likely in the northern Alvord basin. 
Upf low 
In order to examine the changes in the thermal fluids 
during migration of water to the surface to be discharged at 
the hot springs in the Alvord basin, it is assumed that the 
fluids equilibrated with the reservoir rock. Hot water 
ascending to the surface from a deep geothermal reservoir 
may cool by conduction of heat to the surrounding rock, by 
boiling, by mixing with cooler shallow water, or by a 
combination of these processes (Fournier, 1979b). Figure 25 
is a diagram showing some of the processes which may occur 
in the upf low zone of a geothermal system. 
Each process may modify the chemical composition of the 
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fluid that left the deep reservoir. In the most simple 
case, hot water may cool adiabatically or conductively and 
flow rapidly from the deep reservoir without mixing with 
shallow cold water, thereby preserving the chemical 
signature of the deep reservoir. However, the water may 
reside for various lengths of time in different reservoirs 
at different depths and temperatures (R1, R2 and R3 and t1 > 
t2 > t3 in Figure 25). The fluids may reequilibrate in these 
shallow reservoirs and/or mix with shallow groundwater. 
Fluids may also reach the shallow subsurface and then flow 
laterally. 
The first process to consider is mixing with non-
thermal or thermal water of different composition. White 
(1970) argued that mixing is demonstrated by variations 
greater than 10 percent in the chloride concentrations of 
thermal fluids over time. Table V summarizes seasonal 
variations in chloride content for thermal springs in the 
Alvord basin. Changes in the chloride concentration from 
season to season are less than 10 percent for all thermal 
springs except the springs north of Borax Lake. In these 
springs, the variations range from 10 to 15 percent from 
March to September of 1992. White (1970) notes that if the 
maximum variations are only slightly more than 10 percent, 
the differences are likely to be caused by a single fluid of 
constant chloride composition undergoing evaporative 
concentration by boiling in central spring channels. The 
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Fiaure 25. Schematic section through a 
hypothetical hot-spring system. The stippled areas 
represent reservoirs of hot water with the 
temperature of Ri > R2 > R3 > l00°C. Hot springs 
emerge at points A through G. Each spring 
illustrtates a different condition of upward flow 
that may affect the water temperatures and the 
chemical composition: A = direct to surface from 
R1 ; adiabatic cooling with fast flow and 
conductive cooling with slow flow. B = horizontal 
flow near the surface; conductive cooling possible 
even with fast flow. C = direct to surface from 
Ri, but mixing with colder water at Mi on the way 
without chemical equilibration after mixing. D = 
chemical reequilibration in intermediate reservoir 
R2. E = after reequilibration in R2 , mixing with 
colder water at M2; no chemical reequilibration 
after mixing. F = chemical reequilibration after 
mixing with cold water in shallow reservoir R3 • G 
= mixing with colder water after leaving R3 ; no 
chemical reequilibration after mixing at M3 (From 
Fournier, 1979b). 
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data in Table V indicate that mixing with non-thermal waters 
or thermal waters of different salinity is not occurring in 
the Alvord basin with the possible exception of the springs 
north of Borax Lake where mixing may be slight. 
Low tritium concentrations are present in thermal 
waters at all hot springs. However, these values are higher 
than those in the deep non-thermal waters (Table VIII). The 
residence times indicated by the tritium content of the 
thermal waters ranges from 3,400 to 8,500 years assuming a 
well-mixed model. The deep non-thermal waters have 
calculated residence times of greater than 10,000 years. 
The tritium concentrations in thermal waters may be 
ascribed to 1) mixing with a small amount of tritium-bearing 
water near the point of discharge, or 2) deep circulation of 
a relatively small volume of "young" water to the level of 
the deep reservoir where it is mixed and heated with nold" 
deep groundwater. In the first case, the volume of tritium-
bearing water must be small enough so as not to produce 
shifts in chloride content greater than about 5 to 8% (Table 
V), or to destroy the 6 180 shift in thermal water relative 
to non-thermal water. The lack of tritium in the discharge 
from the flowing well northeast of Borax Lake suggests that 
this is the most likely model. If this is the case, then 
approximately 1 to 3% mixing of water with a tritium 
concentration of 7.50 T.U. (Pike Creek) would account for 
the observed tritium concentrations in thermal fluids. A 
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higher percentage of cold water is required if the tritium 
concentrations are contributed by mixing with cold water 
resident in the shallow ground water system for some period 
of time (e.g. Thomas well or Kurtz well}. While tritium 
data do not preclude mixing at deep levels where both hot 
and cold waters are old and lack tritium, differentiation of 
the two fluid types is not possible considering the chemical 
and isotopic techniques employed in this study. 
If mixing with non-thermal water or thermal water 
having different salinity is not occurring in the Alvord 
basin, the differences in the composition of discharge from 
different springs may be produced during boiling of the 
thermal water. As hot water rises to the surface, the 
pressure imposed on it by the column of overlying water 
decreases. Water leaving the deep reservoir at a 
temperature between 170 and 200° C begins to boil at a depth 
of 100 to 180 m beneath the surface (Figure 26}. Once 
boiling commences, the temperature/depth relations in the 
rising thermal fluid are constrained along the liquid-vapor 
curve of water. Boiling hot springs, such as Mickey 
Springs, hot springs north of Borax Lake, and water 
discharging into the bottom of Borax Lake, indicate that the 
fluid has remained constrained on the boiling curve to the 
surface. However, as indicated in Figure 25, fluids may not 
rise rapidly to the surf ace and may spend various lengths of 
time in different reservoirs that have differing conditions. 
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Fiaure 26. Depth vs. boiling curve for water-
dominated fluids (from Truesdell, 1985). 
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It is during these relatively short residences in shallow 
reservoirs that a boiling solution may partially 
reequilibrate and change composition. 
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Boiling of a geothermal fluid generates a steam phase 
into which is fractionated volatile constituents originally 
dissolved in the fluid. A thermal water may be modified by 
mixing in shallow aquifers with water produced by 
condewnsation of steam generated from boiling of deeper 
fluids. In this setting, oxidation of H2S by atmospheric 
oxygen to produce sulfate may occur. The sulfate-enriched 
condensate may mix with the continuously boiling solution as 
it rises. 
The highest sulfate concentrations occur in thermal 
waters at Borax Lake, the springs north of Borax Lake, and 
the flowing well northeast of Borax Lake. The N2 /Ar ratios 
in gases collected from a spring north of Borax Lake may 
represent water that is boiling. At Borax Lake and the 
springs north of Borax Lake, the SQ4-H20 geothermometer 
indicates a high temperature (> 200° C) of sulfate 
formation. Dissolved oxygen in recharge waters could have 
oxidized HzS or pyrite at depth to form so. at depth. 
However, the SO.-H20 and K/Mg geothermometers indicate 
considerably lower temperatures for the non-boiling flowing 
well northeast of Borax Lake. In addition, the flowing well 
discharges more dilute, lower pH water than Borax Lake or 
the springs north of Borax Lake. The reequilibration of the 
so4-H20 geothermometer and low K/Mg temperature estimates 
indicate that this water may have undergone mixing with a 
near-surface sulfate-rich water and reequilibrated (e.g. 
Point Fon Figure 25). 
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Although the S04 content is not as high, 
reequilibration of the sulfate-water system in a shallow 
aquifer is also indicated at Mickey Springs. The low 
concentration of constituents other than H20 in the gas 
sample from Mickey Springs suggests that the majority of the 
major gas constituents have been stripped out. The variable 
K/Mg 11 geoindicator'1 values for this site ( 157-190° C) for 
thermal fluids suggests partial reequilibration of cation 
geothermometers during residence in a shallow hot water 
aquifer (e.g. Point Din Figure 25). 
Boiling at shallow depths during ascent to the surface 
and variable residence time in shallow reservoirs appear to 
be the most important factors producing differences in the 
geochemistry of thermal fluids discharging at boiling 
springs. 
The chemistry of fluids from non-boiling springs at 
Alvord Hot Springs and the flowing well northeast of Borax 
Lake also indicate reservoir temperatures in the range of 
170 to 200° C. The lack of boiling at the surface indicates 
a flow path that has allowed conductive heat loss to the 
surrounding rocks. The situation at the flowing well 
northeast of Borax Lake was discussed above. 
144 
Water discharging at Alvord Hot Springs has silica 
geothermometers that are 30 to 50° C lower than the alkali-
based geothermometers. Boiling and slow heat loss can lead 
to the precipitation of silica from the solution. The 
springs also discharge water with the highest concentration 
of c1- and total dissolved solids. The chemical composition 
of these fluids suggest slow rise and/or low volume of the 
fluid and conductive heat loss to the surrounding rocks. 
The chemical composition of fluids discharging at Alvord Hot 
Springs could be generated by deep mixing with a He- and Cl-
rich fluid, equilibration at 200° C and slow cooling during 
ascent (e.g. Point A - direct flow from Ri and conductive 
cooling with slow flow - on Figure 25). 
Depth of Thermal Fluid Circulation 
Recharge occurs in the Steens Mountain fault block 
where meteoric water infiltrates along major faults, 
circulates to great depths along these faults, possibly 
mixes with Cl-rich fluids, becomes heated and equilibrates 
in various host rocks, and rises along basin-bounding faults 
(Alvord Hot Springs and Mickey Springs) or along 
intrabasinal faults (Borax Lake thermal area). 
Cleary (1976) estimated the depth of circulation for 
the thermal areas in the Alvord basin. He concluded that 
the minimum depth of circulation was 1.4 km for all of the 
thermal areas from calculations based on thermal reservoir 
temperature estimates (170-193°C), thermal conductivity of 
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associated rocks (4.5 x 10-3 cal/cm sec °C), and heat flow 
(4.5-5.5 x 10-6 cal/cm2 sec). Other researchers have 
estimated greater depths of circulation. Blackwell et al. 
(1978), noting a geothermal gradient of 40-60°C/km argued 
for a minimum depth of circulation for fluids to reach an 
inferred reservoir temperture of 190°C would be 4-5 km. 
Blackwell et al. (1986) noted that the minimum depth of 
circulation for fluids to reach the highest observed 
temperature in observations wells drilled in the area of 
Borax Lake (160°C) would be 3-4 km. 
Fluid circulation depth estimates presented in this 
study are based on stratigraphic thickness and 87Sr/66Sr 
ratios for Tertiary volcanic units. The combined 
stratigraphic thickness of units exposed on the east-facing 
scarp of Steens Mountains and presented in Table I is 1.5 
km. From gravity surveys, the depth to bedrock (e.g. Steens 
Basalt) is 0.4 km under Alvord Lake and 0.6 km under Alvord 
Desert (Griscom and Conradi, 1975). Exploratory drilling by 
Anadarko Petroleum Corporation southwest of Borax Lake 
encountered fractured basalt at a depth of 347.5 rn 
(Blackwell et al., 1986). Based on this information, the 
depth to the top of the Steens Mountain Volcanics is 
approximately 1.3 km, to the Pike Creek Formation is 
approximately 2 km, and to the Alvord Creek Formation is 
approximately 2.5 km in the Borax Lake area. Strontium 
isotope ratios of thermal fluids from Borax Lake are 
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consistent with reservoir location within these three units. 
Cs/Li ratios suggest that the likely host is the ash flow 
that makes up the Pike Creek Formation. Hence, ground water 
circulates to a depth of at least 2 to 2.5 km in the Borax 
Lake thermal area (Figure 4). 
Gravity surveys indicate a depth to basement of 0.6 km 
under Alvord Desert with maximum depths occurring along the 
western margin of the basin {below Steens Mountain) {Griscom 
and Conradi, 1975). Maximum depths to magnetic material 
{basement rock) were calculated using magnetic profiles from 
the middle of the Alvord Desert; the maximum depths range 
from 400 to 500 m. In addition, gravity surveys indicate 
that Alvord Hot Springs is located directly above a normal 
fault which bounds the basin on the west (Cleary, 1976). 
Interpretation of strontium isotope ratios and geophysical 
data imply that fluids circulate to a minimum depth of 2-3 
km and, possibly, to greater depths along the basin-bounding 
fault near Alvord Hot Springs. 
Mickey Springs is located above a fault that juxtaposes 
materials of different densities (Griscom and Conradi, 
1975). However, the gravity data may be interpreted to 
indicate a small basin approximately 75 m deep in the area 
of the springs. Strontium isotope ratios of fluids indicate 
equilibration in the volcanic rocks beneath the Steens 
Basalt (Table X). Hook (1981) noted that correlation of 
Mickey ignimbrite between Mickey Mountain and an Anadarko 
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Petroleum Corporation exploration well, ANA-5, located in 
the north end of Mickey Basin, indicates 850 m of 
displacement across the range-front fault in the Mickey 
Springs area. Assuming a thickness for Steens Basalt of 1 
km, ground water circulates to a minimum depth of 1.2-2.0 km 
in the Mickey Springs thermal area. 
CONCEPTUAL MODEL OF THERMAL FLUID CIRCULATION 
IN THE ALVORD BASIN 
A general model for thermal fluid circulation in the 
Alvord basin is presented in Figure 27. The conceptual 
model of thermal water flow for the Alvord basin is based on 
conclusions drawn from hydrogeochemical and isotopic data 
for thermal and non-thermal waters. The model involves 
recharge from the surrounding fault block mountains, in 
particular, the Steens Mountain-Pueblo Mountains fault 
block. The meteoric water circulates to depth along faults 
and is heated by anomalously high regional heat flow in 
volcanic rocks located beneath the Steens Basalt. The 
heated water migrates laterally along permeable zones within 
these volcanic rocks and rises to the surface along range-
front faults or intrabasinal faults. During ascent, the 
thermal water is largely isolated from mixing with non-
thermal water or waters rising from geothermal reservoirs 
not located in the same stratigraphic units. Boiling, 
variable flow rate and associated conductive heat loss, and 
mixing with minor amounts of condensate and/or near-surface 
water occurs during ascent. The process from recharge to 
discharge occurs over a span of time that is potentially 
greater than 10,000 years. 
The question remains whether the three thermal areas 
are fed from a single deep-seated reservoir or three 
separate reservoirs. 
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The distance of 23 to 25 km between the thermal springs 
led White and Williams (1975) to infer that Borax Lake, 
Alvord Hot Springs, and Mickey Springs are three separate 
systems and are not connected at depth in a single large 
geothermal reservoir. The data presented in the present 
study do not rule out the possibility of one large, deep-
seated geothermal reservoir discharging to shallow 
reservoirs or directly to the surf ace at the three thermal 
areas. 
If all three thermal areas discharge from a single, 
deep-seated geothermal reservoir, the following processes 
occurring during upflow produce the chemical and isotopic 
differences detected in water at the different springs. 
At Alvord Hot Springs, low-volume discharge and/or low 
flow rates along the Alvord fault segment of the Steens 
Mountain fault zone allow for conductive heat loss with 
limited boiling from He-rich fluids, increases in salinity, 
deposition of silica, and oxidation of HzS. 
At Mickey Springs steam released during boiling of the 
hydrothermal solution heats cold groundwater to the point of 
~)~ 
. . 
WESf 
Figure 27. Schematic block diagram showing 
conceptual model of thermal fluid circulation in 
the Alvord basin. Precipitation in the mountains 
(A) recharges thermal aquifers through faults and 
fractures (B) in the Steens Mountain fault block. 
Thermal fluid circulates in volcanic rocks and 
ascends along basin-bounding faults with surface 
discharge localized along major basin-bounding 
faults in the western part of the basin (C). Hot 
water flows laterally in volcanic rocks and 
ascends along intrabasinal faults (D). Recharge 
of cold groundwater through alluvial fans and near 
basin-bounding faults (E). Surface discharge of 
cold groundwater from confined basin-fill aquifers 
(modified from Welch and Preissler, 1987). 
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boiling. This steam-heated water produces steaming ground, 
mud volcanoes and fumaroles. The thermal water rises along 
separate structures to discharge as a boiling hot spring 
that, under the proper conditions, displays geysering 
behavior. Low calcium concentrations and relatively high pH 
suggest mineral precipitation from the thermal fluid in the 
subsurface. 
At Borax Lake water from the deep-seated geothermal 
reservoir rises into the Steens Basalt and forms a shallow 
reservoir that probably extends into basinal fill. Sulfate-
water geothermometry indicates a temperature of greater than 
200° C for deep fluids. A small contribution of thermogenic 
CH. from thermal breakdown of organic matter is also 
present. The main discharge occurs at boiling springs north 
of Borax Lake and in the bottom of Borax Lake. The flowing 
well northeast of Borax Lake exhibits chemical and isotopic 
characteristics similar to those of Borax lake and the 
springs north of Borax Lake and thus represents another 
discharge point for the shallow reservoir. However, a 
longer lateral flow path from the reservoir, conductive heat 
loss, mixing with cold water, and low flow rates and/or 
relatively low volume discharge allow for cooling and 
dilution of the thermal solution. 
SUMMARY AND CONCLUSIONS 
1) The thermal discharges at all three hot springs are 
dilute, slightly alkaline to alkaline, sodium bicarbonate 
(NaHC03 ) waters. The highest concentrations of total 
dissolved solids occur at Alvord Hot Springs and the lowest 
concentrations at Mickey Springs. The high total dissolved 
solids at Alvord Hot Springs are consistent with conductive 
cooling of a He- and Cl-rich fluid during ascent, or 
concentration of non-volatile constituents during cooling by 
gentle boiling. 
2) Thermal waters originate in a hot-water system 
rather than a vapor-dominated system. The occurrence of 
high concentrations of boron, silica, arsenic and chloride 
support this conclusion. Fairly high ratios of Cl/Mg, Ca/Mg 
and low ratios of Ca/Na are typical of hydrothermal systems 
having moderately high temperatures. 
3) Calculated reservoir temperatures based on chemical 
and isotope geothermometers are similar for the three hot 
spring areas. The reservoir temperatures are estimated to 
be between 170 and 200° C. Oxygen isotope geothermometers 
for coexisting water and dissolved sulfate indicate 
reservoir temperatures between 198 and 207° C at Alvord Hot 
Springs and Borax Lake. Mickey Springs and a flowing well 
at Borax Lake yield temperatures of 150 and l68°C, 
respectively. These values may indicate partial 
reequilibration of the isotopic system by near-surface 
mixing with a different sulfate-bearing water. 
152 
4) Tritium concentrations indicate long residence times 
for the thermal water discharging from all three springs. 
The two end-member models used for the calculation of 
residence times generate a minimum of 57 years and a maximum 
of greater than 10,000 years. 
5) The oD values indicate the source recharge to the 
geothermal system is meteoric water, primarily from Steens 
Mountain-Pueblo Mountains. Thermal fluids have the same oD 
composition as cold groundwater and surface water. The 0 180 
enrichment of 2-3 o/ oo to the right of the meteoric water 
line is consistent with fluid-rock interactions in the 
reservoir. 
6) The Nz/Ar ratios of gas discharges from all three 
sites indicate recharge by air-saturated ground water. The 
relative concentrations of He, Nz and Ar indicate longer 
fluid residence times for Alvord Hot Springs thermal fluids. 
Lower concentrations of He and Ar at Mickey Springs suggest 
more steam is released by vigorous boiling. Low 
concentrations of H2S, CH. and H2 support the conclusion that 
oxidation is a major process in these geothermal systems. 
The 613C compositions of C02 and CH. are similar to values 
for other geothermal systems. The 0 13C values of C02 are 
believed to reflect atmospheric values. Carbon isotopes 
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from methane indicate "normal" geothermal methane for Alvord 
Hot Springs and Mickey Springs, but a small contribution of 
thermogenic methane is indicated for the hot springs north 
of Borax Lake. 
7) Conservative element ratios (B/Cl) indicate the 
geothermal reservoir is hosted in volcanic rocks. The Li/Cs 
ratios for the Borax Lake thermal area are consistent with a 
reservoir located in rhyolitic rocks. Radium isotope ratios 
analysis indicates interactions with volcanic rocks for 
Borax Lake. These ratios for thermal fluids from Alvord Hot 
Springs and Mickey Springs are lower than those expected for 
volcanic rocks and may indicate local uranium accumulation 
in the reservoir or zones of upflow. Strontium isotope 
ratios for thermal waters are similar to those of volcanic 
rocks stratigraphically below the Steens Basalt. These 
formations include the Steens Mountain Volcanics, Pike Creek 
Formation, and Alvord Creek Formations. 
8) Data obtained in this study do not preclude a single 
large reservoir system discharging at the three thermal 
areas in the Alvord basin. Differences in the chemical 
composition of discharge from the three springs is produced 
during upflow from the reservoir. During upflow, thermal 
waters follow a complex pathway of fractures and reside in 
shallow reservoirs before reaching the surface. Boiling, 
mixing with condensate, oxidation, mixing with 1-3% tritium-
bearing, near-surface water, relative differences in flow 
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rate and volume, and conductive heat loss are processes that 
modify fluid composition during upflow from a deep 
geothermal reservoir. 
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TABLE XIV 
CHEMISTRY OF THERMAL AND NON-THERMAL WATER 
IN THE ALVORD BASIN, 1953 - 1989 
Location BL 12 BL 13 BL 14 BL 15 BL II BL BL BL BL BL BL BL BL BL BL BL BL BL 
BL BL BL sm sm SNBL SIBL ~m sm SMBL 
Lake Lake Lake Lake Lake s mp l!id aeep J seep Lake Lake Lake Lake Lake Lake Lake La kt Lake Lake Lake 
Lake Lake 13? U? MV of BL JV of BL' · r BL 13 Dr BL 14 nr BL 15 
Reference 1, p22 1, p22 1, p23 1, p23 1, p23 2 2 2 3 3 3 3 3 3 3 3 3 3 3 
2 2 1 1 1, p22 l,p.22 1, p23 1, p24 1, p24 
Date Saapled 09/03/53 09/03/53 09/03/53 06/21/61 01/01/72 01/04/78 01/04/78 01/04/78 07/16/81 08/16/81 09/16/81 10/15/81 11/16/81 12/15/81 01/14/82 08/01/82 10/01/82 12/01/82 08/24/89 10/21/89 11/10/89 09/03/53 09/03/53 05/27/57 06/01/73 09/76 
09/76 09/76 
Flow, l/1il 3398 3500 
29 19 15 
T (oC) 29.4 73.9 79.4 31.l 36 72 78 75 31.11 31.11 31.11 31.11 31.11 31.11 31.11 32.22 32.22 32.22 32.22 32.22 32.22 73.9 79.4 
87 96 91 97 90.5 
pB 7. 7 7 .6 8.1 1 .8 7.28 7.6 7. 79 7. 97 7.85 7.68 7.78 7 .81 7.96 8.34 7 .97 7.91 7.SI 7.93 
7. 73 7 .5& 7 .59 7.6 8.1 7 .5 7.3 7 .94 7 .36 7 .04 
Conductance 2227 2050 2160 2410 2410 1894 1908 1925 
2530 2190 2050 2050 2160 2190 2020 1990 1840 1910 
!lkilility 366 362 350 332 314 310 ' 306 
356 326 321 434 389 420 
Hardness 43 38 38 35 35 35 35 
40.5 38 38.9 
TDS 1559 1440 1520 1680 1717 1725 1549 1506 1492 1480 1703 1567 
1482 1650 1540 1560 1440 1520 1S20 
Si02 184 119 173 193 190 220 214 199 199 216 201 195 
137 174 117 119 173 160 160 189 169 154 
la 488 430 456 516 500 483 478 465 528 523 514 m 455 m 450 513 m 424 
m m m m m m 450 460 435 m 
l 23 27 30 27 31 30 30 29 30 29 28 26 28 29 25 
29 26 24 lt.3 27.4 26.1 27 30 29 28 29 24 26 
Ca 17 15 14 16 16 18 18 17 17 15 16 14 14 14 14 
16 15 14 15.8 14.8 15.1 15 14 9.6 14 15 13 15 
Ilg 0.3 0.5 0.3 0.5 0.5 0.5 0 0 0 0 0 0 0 
0.26 0.24 0.28 0.3 0.3 0.3 0.2 0.3 
ID 0.03 0.04 0.05 0.04 0.03 0.02 0.02 0.03 
0.04 0.04 0.04 
Cl 286 255 270 305 300 270 290 220 300 300 293 270 263 257 260 303 
277 263 328 275 205 255 270 265 250 270 250 250 
11 0.01 1.53 1.48 1.36 1.255 1.29 1.31 1.275 
1.25 1.3 1.24 1.2 1.2 1.3 1 
B 18 12 14 18 17 16.1 16.2 15.8 17.2 16.5 16.2 14.5 14.6 15.3 15.3 
17 .1 16 14.9 16.8 14.2 13. 7 12 14 15 15 15 14 15 
Br 2 
Li <1.5 <1.5 <!.5 0.65 
0. 75 0.75 0.51 0.5 0.5 0.5 
' 
8 1 1 9. 7 9 9.5 8.48 8. 7 7 .9 1.1 7.2 8.02 8.2 
7. 7 8.1 8.1 7 7 6.5 7 .2 7.5 7 .6 7 
I 0.2 
0.02 
Pe (total) 0.01 0.04 0.02 0.01 0.05 0.01 0.03 0.005 
0.005 0.01 <.02 
0.02 0.028 
ll 
Ag 0.01 
0.01 
Au 0.05 
0.05 
Ba 0.05 0.07 0.06 0.05 0.05 0.05 
0.09 o.os 0.07 0.06 0.06 o.os 
Be 0.05 
0.05 
Cn 0.03 0.01 
0.01 0.01 0.01 0.01 
Cd 0.005 
0.005 
0.025 
Co 0.025 
Cs 0.1 
0.1 
lg 0.0004 
0.0008 
l!o 
Pb 0.03 
0.03 
Rb 0.23 
0.18 
0.1 
Sb 0.1 0.6 
Sr 0.42 0.02 
Ti 
v 0.005 0.005 0.005 
ID 
B2S 
C03 0.5 0 0 0 0 0 
12 0 2.5 2.5 4 
BC03 424 450 420 m us m H7 442 427 405 383 
349 373 444 415 38& 356 326 321 382 414 m m 
P04 2.2 0.89 
1.4 1.2 
504 320 319 339 367 350 307 305 321 372 367 344 320 m 
299 318 364 320 304 393 336 346 319 339 328 434 
M03 1.2 1.3 1.3 0.46 0.39 0.36 0.2 0.8 0.5 0.1 0.2 
Q.l 0.1 0.025 0.025 1.2 1.3 
D.69 0.17 <.5 
m ·125.4 
Del D of 820 ·115.8 
Del 180 of 820 ·11.57 
·14.36 
Del 180 of 504 -7.95 
·8.S8 
Brown and Peterson, 1980 
Vritten coaunication, Denny Se71our, 1991 
Water chuistry data fro• Sharp, Crater and Associates cited in l!ichels, 1991 
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CHEMISTRY OF THERMAL AND NON-THERMAL WATJ:r; 
IN THE ALVORD BASIN, 1953 - 1989 
(continued) 
Location )hi>L sm sm sm sm SHBL sm Ahd BS Ahd BS Alvd BS Mickey SpKickey SpKickey SpKickey Sp 
tr BL 15 nr BL ID nr BL 11 nr BL 18 WW of BL NW of BL NW of BL 
Reference 1, p24 1, pH J, p25 1, plS z 2 z I, pll !, p21 !, pl! !, p20 I, p20 1, p20 !, p20 
Date Sa.pied 09 /76 09/16 09/76 09/76 08/21/89 08121/89 08/21/89 11 /55 /12 9/16 01 /71 /12 09/16 05/80 
P!Ol 1 !/llD 
T 1. oC J 90. 5 86 91 Bl 68.89 68.89 68. 89 82.2 16 18.5 85 13 86 87 
pB 7.01 8. 61 1.26 1.18 7. 16 7 .23 7.11 7.J 6.13 6 .89 8. 5 8 8. 31 8. 9 
Cooductance 1910 20!0 1!10 1!90 2320 mo 2080 mo mo !070 2200 2490 2200 2300 
Alkalinity m Ill 372 386 359 352 327 1196 1230 630 801 13l0 
Hardness 46. 8 15 .2 15.5 6 
m 1550 1630 lm 2910 1718 1733 
Si01 151 157 163 161 168 162 165 135 120 128 167 200 1H 102 
Ka m 450 m 440 452 451 447 1010 960 1000 178 550 550 512 
K 26 26 21 25 26. 7 29.2 26.2 66 69 63 20 35 ll 3D.9 
Ca 15 11 12 11 18 17 .3 17.5 0. 9 1 2.4 1 0. 9 1 2 .4 
Mg 0. 3 0 .3 0.2 0.2 0.45 0.13 0.42 1 2.2 2.6 1.2 0. 1 <l 3. 6 
l!n 0.13 0.12 0.11 
Cl 250 250 250 250 190 280 262 760 780 710 230 2!0 240 291 
As 1.1 1.2 1.1 0.04 2 .5 0 .01 0 .11 
B 15 11 11 15 15.3 14 .8 13. 6 28 30 36 9 .2 10.5 11 11. 7 
Br 
Li 0 .5 O.S5 0.15 0.15 1.1 1.9 <.2 1.1 0. 9 0. 9 
F 1 7. 7 7 .I 7.5 6. 9 7 .8 7 .4 7.2 10.2 11 19 .6 H 16 8. J 
1 
Pe (total) <0.02 0.09 0.12 o. 06 <. 02 0. 6 
Al 0.03 0.005 0.005 0.003 ( .01 0. 058 1.3 
Ag 
Au 
Ba 0.07 0.01 0.08 
Be 
Cu 0.01 0.01 0.01 
Cd 
Co 
Cs 
Bg 
Mo 
Pb 
Rb 
Sb 
Sr 
Ti 
w 
Zn 0.005 0.005 0. 005 
m 
CO) 2. 5 
HC03 359 352 774 
POI u 0. 43 1.3 U 4 0 .3 
SOI 211 220 180 205 230 210 112 
SOJ 1.1 0. 02 <.02 
m <.05 <.05 0. 9 <.5 c .02 o. 39 <. 5 0. Ot 
De i D o'. B20 
Del 180 of B20 
Del iBO of 504 
Brown and Peterson, 19&0 
~ri tten couunication, Denny Seyaour, 1991 
Water cneaistry data fro1 Sharp, Crater and ~ssociates cited in ~ichels, 1991 
Site 
Kurtz 
well 
Alvord 
Ranch 
Thomas 
well 
TABLE XV 
FLUID-MINERAL EQUILIBRIA FOR COLD WATERS 
IN THE ALVORD BASIN 
Degree of Saturation (log IAP/Kl 
undersaturated saturated oversaturated 
< -10 -10 - -1 - 1 - +1 <+1 
tronalite anhydrite aragonite quartz 
chrysotile 
forsterite 
huntite 
natronite 
tremolite 
tronalite 
tronalite 
brucite calcite tremolite 
chrysotile silica gel 
clinenstatite silica glass 
diopside talc 
dolomite tremolite 
fluorite chalcedony 
forsterite 
gypsum 
halite 
huntite 
magadite 
magnesite 
natronite 
sepiolite 
anhydrite 
aragonite 
brucite 
calcite 
clinenstatite 
diopside 
dolomite 
gypsum 
halite 
magadite 
magnesite 
sepiolite 
talc 
anhydrite 
brucite 
fluorite 
gypsum 
halite 
huntite 
natronite 
clinenstatite 
forsterite 
magadite 
chalcedony 
silica gel 
quartz 
silica glass 
quartz 
sepiolite 
talc 
calcite 
dolomite 
magnesite 
aragonite 
chalcedony 
chrysotile 
silica gel 
diopside 
silica glass 
Saturation indices calculated using PCWATEQ. 
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TABLE XVI 
SATURATION INDICES (log (IAP/Ksp)) 
FOR THERMAL FLUIDS 
Site Temperature 
(0 c) 
BORAX 
LAKE 
105 
185 
SPRINGS NORTH 
OF BORAX LAKE 
95.4 
FLOWING WELL 
NORTHEAST OF 
BORAX LAKE 
152 
58.6 
180 
Dearee of Saturation (log(IAP/Kspll 
slightly saturated slightly 
unsaturated oversaturated 
- 1 - 0 0 0 - 1 
aragonite 
calcite 
dolomite 
fluorite 
talc 
anhydrite quartz 
chalcedony 
c-enstatite 
cristobalite-a 
cristobalite-b 
enstatite 
fluorite 
amorphous silica 
aragonite 
barite 
calcite 
chalcedony 
amorphous silica 
anhydrite 
barite 
c-enstatite 
cristobalite-a 
cristobalite-b 
enstatite 
amorphous silica 
aragonite 
barite 
calcite 
anhydrite 
barite 
brucite 
chalcedony 
cristobalite-a 
cristobalite-b 
quartz 
aragonite 
calcite 
cristobalite-a 
cristobalite-b 
dolomite 
talc 
quartz 
aragonite 
calcite 
chalcedony 
quartz 
chalcedony 
cristobalite-a 
cristobalite-b 
amorphous S i02 
aragonite 
calcite 
chalcedony 
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TABLE XVI 
SATURATION INDICES (log (IAP/Ksp}} 
FOR THERMAL FLUIDS 
(continued} 
Site Temperature 
(0 c} 
FLOWING WELL 
NORTHEAST OF 
BORAX LAKE 180 
ALVORD HOT 
SPRINGS 
MICKEY 
SPRINGS 
77.6 
160 
94.4 
190 
Deqree of Saturation (log(IAP/Ksp ) ) 
slightly saturated s l ightly 
unsaturated oversaturated 
- 1 - 0 
cristobalite-a 
cristobalite-b 
forsterite 
magnesite 
aragonite 
calcite 
barite 
fluorite 
magnesite 
amorphous silica 
0 
barite quartz 
chalcedony 
cristobalite-a 
cristobalite-b 
magnesite 
amorphous silica 
0 - 1 
c-enstatite 
enstatite 
quartz 
amorphous S i02 
chalcedony 
cristobalite-a 
cristobalite-b 
quartz 
aragonite 
calcite 
c-enstatite 
enstatite 
sepiolite 
aragonite 
barite 
amorphous 
magnesite 
cristobalite-b calcite 
chalcedony 
silica c-enstatite 
chalcedony 
cristobalite-b 
forsterite 
quartz 
amorphous silica 
cristobalite-a 
enstatite 
quartz 
aragonite 
c-enstatite 
enstatite 
sepiolite 
Saturation indices are calculated using SOLMINEQ.88 {Kharaka et al. , 
1988). 
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TABLE XVII 
GEOCHEMISTRY OF PORE FLUIDS FROM ALVORD LAKE 
Depth (m) Constituent (ppm) 
Na K Ca Mg Fe Al 
Core 89-1 
1. 96-2. 06 7270 237 7.6 1.8 0.3 <0.1 
3.01-3.13 3000 41 4.3 1. 4 0.1 <0.1 
4.44-4.56 2270 38 1. 7 <0.5 <0.1 <0.1 
Core 89-2 
0.25-0.40 8440 1290 1. 6 <0.5 0.3 <0.1 
1. 30-1. 45 9960 253 3.8 0.6 0.4 <0.1 
2.02-2.15 11270 240 3.2 2.8 <0.1 <0.1 
3.05-3.20 10940 203 3.3 <0.5 <0.1 <0.1 
3.90-4.05 7200 103 2.4 1. 6 <0.1 <0.1 
4.70-4.85 5500 95 3 2.2 0.2 <0.1 
Indian C. 19 <1 24.3 10.1 <0.1 
Scoubes C 25 <1 39 16.9 0.3 <0.1 
Depth ( m) Cl s co)-- SiO,. Br F B I 
Core 89-1 
1. 96-2. 06 4300 770 3180 108 <20 27 79.6 <0.5 
3.01-3.13 2600 400 1520 95.0 <20 28 36.6 <0.5 
4.44-4.56 2200 250 1140 73.3 70 22 27 <0.5 
Core 89.2 
0.25-0.40 14000 190 9160 131 130 10 65.3 <4.0 
1. 30-1. 45 9000 1900 6270 88.2 90 30 154 <2.0 
2.02-2.15 14000 3200 5210 154 40 100 143 <2.0 
3.05-3.20 8000 2600 5200 103 110 80 128 <2.0 
3.90-4.05 6800 1100 3020 104 20 62 71.4 <0.5 
4.70-4.85 5200 670 2250 51.9 20 40 44.6 <0.5 
Indian C. 4 1 143 46.1 <2.0 <2.0 <0.2 <0.5 
Scoubes 14 4.7 181 40.9 6 <2.0 <0.2 
<0.5 
Analyzed by J. c. Matthews, University of Illinois (written 
communication, May 16, 1992). 
